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ABSTRACT
Nanostructured composite materials made of organic matrices and inorganic nanoparticles
(NPs) represent the new paradigm of functional hybrid materials. This dissertation is focused on
the synthesis and self-assembly of NPs within organic matrices which act as templates, targeting
the formation of use-inspired structures. Particularly, self-assembly of macromolecules such as
proteins and polymers, and polymer-functionalized NPs is utilized to create ordered assemblies
of NPs. Inspired by the formation of chains of magnetic NPs in a group of bacteria referred to
as Magnetotactic bacteria, we used Mms6, a biomineralization protein, as a template towards the
formation of self-assembled arrays of magnetic NPs. Surface sensitive techniques such as atomic
force microscopy, scanning electron microscopy and X-ray photoelectron spectroscopy, show the
formation of these arrays on solid substrates. An alternative to the use of templates is to directly
control the interactions between the NPs. In the presence of short dithiol tethers, gold nanopar-
ticles crosslink covalently and form assemblies with short ranged FCC-like order. PEG function-
alized nanoparticles, obtained by ligand exchange procedure, form a crystalline monolayer at the
vapor-liquid interface in the presence of electrolytes in the suspension. In the presence of a com-
plexing polymer (specifically, neutral PAA) the crystallinity of these monolayers decreases and
NPs aggregate in the bulk. Analysis of these aggregates shows that in contrast to the covalent
linkage, non-covalent interactions (hydrogen bonds and van der Waal’s forces, via inter-polymer
complexes) between the poly(ethylene glycol) (PEG) functionalized NPs, lead to the formation of
FCC superlattices of NPs. Theoretical considerations of the variation of inter-particle distances
show the significance of van der Waal’s forces in these superlattices. Self-assembly processes used
to create ordered assemblies of nanoparticles developed here are promising routes to fabricate
functional nanomaterials such as metamaterials.
1CHAPTER 1. GENERAL INTRODUCTION
1.1 Introduction
Nanomaterials and nanotechnology are focused research areas in the quest for fabrication of
functional materials with tailorable properties. In fact, there have been many commercial suc-
cesses for nanotechnology in diverse fields such as healthcare, coatings, electronics etc. In fabricat-
ing such devices, there are three main features of the nanomaterial that account for its functional
properties. They are: 1) composition, 2) morphology of nanoparticles (NPs), and 3) assembly prop-
erties, i.e. correlations in inter-particle positions of the NPs. Although there has been tremendous
progress in synthesizing nanoparticles with a variety of chemical compositions and morphology,
creating ordered structures of nanoparticles with particle level control remains a major challenge.
In addition, synthesis of nanoparticles with complex morphologies, such as a ring, for example,
is a major technical hurdle in the fabrication of functional nanodevices. The work reported in this
dissertation is a collection of our efforts towards using macromolecules to address the challenges
in synthesis and assembly of nanoparticles.
There are broadly two approaches to create ordered structures at the nanoscale: top-down
and bottom-up. In top-down approach a bulk material is reduced to smaller structures and this
approach includes techniques such as electron beam lithography and photolithography. Bottom-
up approach utilizes self-assembly of smaller units to build larger nanostructures. Top down
methods are generally more expensive and time consuming compared to the bottom up methods.
Thus self-assembly is expected to play a major role in the scalable fabrication of novel functional
materials.1,2
Self-assembly refers to the process by which individual chemical moieties interact non-covalently
with other moieties to form well-ordered structures, reproducibly and in the absence of external
agents. Self-assembly can occur at multiple levels of physical dimensions; for example, alkyl thi-
ols self-assemble on gold at a sub-nanometer scale3 whereas the self-assembly of Janus particles
2occurs at a micrometer scale.4 Integrating such multiple levels of self-assembly hierarchically can
lead to structures whose properties can be tuned at multiple length scales. Such tunable structures
are attractive in a wide range of fields such as photonics,5 nanoelectronics6,7 and chemical/bio
sensors.8,9
Self-assembly is an ubiquitous phenomenon in nature, and biology, in particular, is replete
with self-assembling structures. Macromolecules such as proteins, DNA and cellulose self-assemble
into various structures that provide unique functional properties to the organisms. These struc-
tures have nanoscale features making them ideal for applications in nanotechnology. Inspired
by this, self-assembly of macromolecules (natural or synthetic) has been applied towards fabri-
cation of ordered nanomaterials. For the fabrication of inorganic nanocomposites in particular,
self-assembly of macromolecules is used as a template to direct the synthesis and assembly of
inorganic nanoparticles. Another approach is to use the macromolecules as surface modifiers on
the pre-synthesized nanoparticles and induce assembly of the nanoparticles by tuning the inter-
particle interactions via the macromolecules. The second approach includes solvent evaporation,
DNA base-pairing, and covalent cross-linking among other methods.
1.2 Overall Objectives
The overall objective of this work is to demonstrate different strategies to synthesize and as-
semble nanoparticles into ordered structures with functional properties. Specifically, we explore
the use of macromolecules as templates for the assembly of nanoparticles. The specific goals of
this work are to:
1. utilize self-assembled structures of biological macromolecules as templates for controlled
synthesis of nanoparticles
2. develop a synergy of top-down approaches such as soft lithography with self-assembly, and
thus to combine the high precision of top-down approaches with the advantages of bottom-
up methods,
33. develop methods to assemble nanoparticles suspended in solutions into two and three di-
mensional superlattices with controllable lattice features such as inter-particle distances, uti-
lizing the tunable properties of macromolecules such as polymers, and
4. evaluate the effect of material properties such as nanoparticle size, polymer molecular weight
and solution conditions on the assembly formation and its structural properties.
Materials characterization techniques such as atomic force microscopy (AFM), X-ray photo-
electron spectroscopy (XPS), scanning (transmission) electron microscopy (S/TEM) and X-ray
scattering methods are used to study the structural properties of the assemblies.
1.3 Dissertation Organization
This dissertation is organized into 7 chapters. Chapter 2 provides a review of the recent liter-
ature on the use of various macromolecular templates for the synthesis and assembly of nanoma-
terials. Chapter 3 is modified from a paper published in RSC Advances. In this paper, Mms6, is
used as a template towards the formation of self-assembled arrays of magnetic NPs by employ-
ing a combination approach of soft-lithography and biomimetic crystallization. This work is well
aligned with goals 1 and 2, namely, the templated synthesis of nanoparticles and their assembly
using a synergistic approach. The subsequent three chapters are particularly aimed at address-
ing objectives 3 and 4, namely, polymer-mediated self-assembly of suspended nanoparticles into
superlattices. Chapter 4 focuses on the use of short, water soluble dithiol chains to obtain cross-
linked assemblies of gold nanoparticles. This work is published in the journal Particles and Particle
Systems Characterization. In Chapter 5, self-assembly of poly(ethylene glycol) functionalized gold
nanoparticles at the vapor-liquid interface induced by electrolytes and the effect of inter-polymer
complexation on the formed assemblies are examined. Results from this work are submitted for
publication in the journal Langmuir. Chapter 6 demonstrates the use of inter-polymer complexa-
tion as a strategy for self-assembly of nanoparticles into three dimensional crystalline lattices. This
work is under review for publication in the Journal of Physical Chemistry C. Chapter 7 provides ma-
4jor conclusions of this dissertation and some perspectives on the proposed future work relating to
polymer-mediated assembly of nanoparticles.
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5CHAPTER 2. LITERATURE REVIEW
2.1 Introduction
This chapter reviews some of the major developments in the synthesis and fabrication of or-
dered assemblies of nanoparticles, as relevant to the work presented in this report. Broadly,
templated synthesis and templated assembly of nanoparticles are discussed. With respect to
templated synthesis, biomimetic mineralization and polymer-mediated synthesis are discussed.
Templated assembly of nanoparticles with biomolecules and polymers is reviewed in the penulti-
mate section. The last section discuses some of the potential applications of assemblies of ordered
nanoparticles in the context of presented work.
2.2 Templated synthesis of nanoparticles
Over the years a number of strategies for templated synthesis of nanoparticles have been stud-
ied.1 Templating agents can act as reducing agents, stabilizers and scaffolds for the growth of
nanoparticles and thus influence the morphology of the nanoparticles.2 A review of templated
synthesis of nanoparticles with soft macromolecular templates such as proteins and polymers is
presented here.
2.2.1 Templated synthesis of nanoparticles with biomineralization proteins and peptides
2.2.1.1 Biomineralization in nature
Biomineralization processes, wherein complex structures of inorganic materials is achieved
within organic matrices by various organisms, have been a rich source of ideas and inspirations
for the material chemists.3 There has been intensive research over the past decade in the field of
in vivo biomineralization and in vitro biomimetic mineralization.1,4–12 Some examples of biomin-
eralization include the formation of bones and cartilages in birds and mammals, shells of the
6mollusks, cell walls in diatoms and magnetic crystals in magnetotactic bacteria. Bones and carti-
lages inorganic composites of hydroxyapatite, shells are made of calcium carbonate, and the cell
walls of diatoms are made of amorphous silica. The organic matrix includes macromolecules such
as proteins, lipids and polysaccharides.4,13 Typically, the organisms have genetic control over the
formation of these biomineral composites.
Biomineralization involves the classic steps involved in crystallization i.e., nucleation and
growth. Adsorption of surface active organic molecules like proteins on the growing nuclei can
direct the formation of the crystals or inorganic aggregates.10,14 These surface active molecules can
lead to the formation of crystal morphologies that are not stable otherwise, by step-wise reduction
of energy barriers. Thus the final crystal morphology is dictated by the kinetics of biomineral-
ization rather than the thermodynamic driving forces.2 These surface active molecules typically
favor growth of certain crystal morphologies selectively. In addition some organisms can also in-
hibit crystallization over a period of time leading to a metastable equilibrium.15 It is thought that
the organic molecules form templates, presenting charged groups on which the precursor ions
from the solution adsorb.4 Adsorption of counter ions and the repetitions of this procedure finally
results in the formation of a crystalline lattice. Presence of acidic groups on many of the biominer-
alization proteins supports this hypothesis.16–18 On the other hand, it has also been suggested that
the organic molecules and the preformed nuclei co-assemble to form the ordered structures.10 For-
mation of amorphous or short range ordered precursors before crystallization is also a common
occurrence in biomineralization.5,19,20
2.2.1.2 Biomineralization in magnetotactic bacteria
Magnetotactic bacteria refers to a group of bacteria that biologically produce magnetic crystals
in their cells which enables them to swim (preferentially) along the geomagnetic field lines. Since
their discovery in 1975,21 magnetotactic bacteria have been studied by researchers in multiple dis-
ciplines such as microbiology, physics, and material science. There have been several review arti-
cles written on the science and applications of biomineralization in magnetotactic bacteria.8,22–33
Magnetic bacteria have an intracellular protein rich organelles called the magnetosome which
7templates and houses the magnetic crystals. Within these magnetosomes, ordered structures of
single domain magnetite nanoparticles and ferromagnetic greigite (Fe3S4) have been observed in
numerous species of bacteria.22,24,34 The shape and sizes of the particles is genetically controlled
and is species specific. The magnetosome membranes are formed by invagination of the cell mem-
brane and they enable high local concentration of inorganic precursors which is essential for the
formation of magnetic crystals. Formation of magnetosome membranes and the magnetic crystals
in them is an area of active research33 and though much has been discovered about the signif-
icance of different agents involved such as membrane proteins, concrete understanding of the
full process still eludes the researchers. Several membrane proteins that are instrumental in the
biomineralization steps such as the formation of a filamental scaffold,35 attachment of the magne-
tosome to the membrane,35 iron transport36 and size and shape control of the magnetic crystal17,37
have been identified.
2.2.1.3 Biomimetic in vitro synthesis of nanomaterials
Bottom-up chemical routes inspired from such biological processes, offer a level of control in
the fabrication of nanostructures that cannot be obtained with top-down approaches. Excellent re-
views on biomineralization4,5,7,38–42 and biomimetic mineralization have been presented.2,9,10,12,43
Attempts to mimic biomineralization in laboratory settings have generally proceeded in two di-
rections: with only synthetic chemicals and substrates that mimic the biological systems, or with
a combination of synthetic chemicals and natural biological macromolecules that are active in
biomineralization. Biological templates obtained directly from living organisms have been used
to simulate biomineralization in vitro, when effective mimics for the biological templating agents
are difficult to design. For example, membrane proteins of magnetotactic bacteria have been used
to template the formation of magnetite nanoparticles, while collagen,44 fibronectin and elastin45
have been used to template the formation of calcium phosphate minerals. Mimicking the miner-
alization of bone, collagens have been used to template the formation of collagen-hydroxyapatite
nanocomposites.46–49 Silicatein filaments have been used as templates for the in vitro formation of
oxides of silicon and titanium and gallium.50–52
82.2.1.4 Bioinspired and biomimetic in vitro synthesis of magnetite using biomineraliza-
tion
Of the several membrane proteins found in magnetotactic bacteria Mms6 from Magnetospiril-
lum magneticum strain AMB-1 has been found to control the size and shape of magnetite nanopar-
ticles that form in the magnetosome membrane.17 In contrast, inorganic room temperature syn-
thesis procedures like co-precipitation produce multi-domain particles with large polydispersity
in size and shape. Thus, Mms6 has been an attractive macromolecule to template the formation
of magnetite nanoparticles in vitro. Mms6 is an amphiphilic protein found attached to the sur-
faces of magnetite nanoparticles in the magnetosomes. It has a hydrophobic N-terminus and a
hydrophilic C-terminal that is rich in carboxylic acid groups.17 Mms6 forms micelles in water due
to its amphiphilicity and has a net negative charge at neutral pH.17 Wang et.al., have shown that
the micelles have molecular weight in the range of 200kDa – 400kDa with each micelle having ap-
proximately 20-40 Mms6 monomeric units.53 Small angle X-ray scattering studies have shown that
the micelles respond to the addition of iron ions in solution, forming larger disc like aggregates.54
Iron binding of was found to be pH dependent, with low binding at low pH possibly due to the
protonation of carboxylic acids.53 In situ transmission electron microscopy studies on iron binding
to Mms6 has shown the formation of an amorphous precursor to magnetite on the surface of the
Mms6 micelle.55 The carboxyl rich C terminal has been found to be crucial in the binding of iron
ions to the protein.17,56 By studying the micellar structure of Mms6 and its mutants in water, this
study also suggested that disrupting the amino acid sequence in the C-terminal domain caused
disruptions in the multimeric structures. Thus Mms6 appears to have an integrated structure that
is structurally as well as functionally responsive to iron ions.53,56
Room temperature co-precipitation (RTCP) and a hydrothermal method, partial oxidation of
ferrous hydroxide (POFH), have been tested for biomimetic synthesis procedures for magnetite
nanoparticles.17,57,58 Both the methods are water-based and require anoxic conditions. Membrane
proteins, especially, Mms6 from magnetosomes have been used as the templating agents for the
formation of magnetite nanoparticles. Uniform superparamagnetic magnetite crystals around 30
nm in size were reported with RTCP method in the presence of Mms6 and recombinant Mms6.17,58
9In order to enhance the magnetic coercivity of the formed particles, cobalt has been introduced in
the reaction leading to the formation of cobalt doped ferrite particles.59 Cobalt doping in presence
of Mms6 with RTCP increases the crystallinity of the nanoparticles.60 Synthetic peptides mimick-
ing the C-terminal domain of Mms6 have also been used to template the formation of cobalt ferrite
particles. Peptides covalently bound to a gel-forming triblock copolymer were found to template
formation of larger crystals.59
2.2.2 Other biomolecules as biological templates for nanoparticle synthesis
Other biomolecules such as peptides and entire cells have also been used as templates in
nanoparticle synthesis. Peptides, prokaryotic and eukaryotic cells have been used in the synthesis
of nanoparticles of gold,61–63 silver64–67 and semiconductors such as CdS.68 Rationally designed
peptides with the objective of nanomaterial synthesis have been reported in the literature. For
example, synthetic peptides containing redox active tyrosine residues were found to reduce and
stabilize gold and silver nanoparticles.69–72 Synthesis of inorganic nanoparticles using naturally
occurring and synthetic peptides were reviewed by Chun-Long et. al.73 Polysaccharides such as
chitosan have also been used for templating the formation of nanoparticles. Chitosan and starch
have been used to template the formation of iron oxide nanoparticles.74 Chitosan and heparin
were separately used to reduce and stabilize gold and silver nanoparticles.75,76 Use of polysac-
charides as templates for the synthesis of inorganic nanoparticles has been reviewed by Ling et.
al.77
2.2.3 Polymer mediated synthesis of nanoparticles
Polymers are widely used in the synthesis, stabilization and assembly of nanoparticles. Nanopar-
ticles can be functionalized with polymers in various ways such as polymer capped synthesis, post
synthesis ligand exchange, polymer grafting from the nanoparticle surface and physical adsorp-
tion.78 Polymers can act as reducing agents or capping agents or both during the formation of
nanoparticles. They can stabilize the formed nanoparticles by charge, steric effects and/or favor-
able interactions with the solvent. The combination of reducing agent and the stabilizing agent
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affects the morphology of the particles formed. For example, reduction of silver nitrate with ascor-
bic acid results in the formation of different particle morphologies with different stabilizing agents:
rice ball like particles with Pluronic, leaf like structures with poly(vinyl pyrrolidone) (PVP),79 and
nearly spherical nanoparticles with citrate.80 Several such combinations of synthesis conditions
have also been reported for controlling the size and shape of silver nanoparticles81–83 and gold
nanoparticles.84
Block copolymers (bcp) are especially attractive in the synthesis and assembly of polymer
nanocomposites due to their inherent ability to form nanoscale domains.85,86 Block copolymers
with blocks of poly(styrene) (PS), poly(acrylic acid) (PAA), poly (4-vinyl pyridine) (P4VP) and
poly(ethylene oxide) (PEO) are commonly used in the synthesis of metal nanoparticles.87 Het-
eroatoms in these polymers such as oxygen in PEO and nitrogen in PVP stabilize the nanopar-
ticles by forming complexes.88 Hydrogels such as poly(acrylamide) (PAAm) gels and have also
been used as templates for the formation of nanoparticles.89–92
2.2.3.1 Synthesis of gold nanoparticles with Pluronic block copolymers
Pluronic is the commercial name of a group of triblock copolymers of polyethers with poly(ethylene
oxide) and poly(propylene oxide) blocks. Pluronic polymers have ABA type linear architecture
with poly(ethylene oxide) (PEO) as the A block and poly(propylene oxide) (PPO) as the B block.
Due to the Lower Critical Solution Temperature (LCST) behavior of PEO and PPO, Pluronics show
amphiphilic behavior at a range of temperature and solution concentrations. LCST depends on
the chain length and the monomeric unit. The higher LCST of PEO block ( 70 - 90 oC) compared
to that of PPO ( 2 - 8 oC) makes the PPO block more hydrophobic, and this leads to the micro –
phase separation in water and thus the formation of micelles and physically entangled gels.
Pluronic solutions have been used as structure directing templates in the formation of gold93
and silver nanoparticles.94,95 An interpenetrating network of Pluronic and PAAm hydrogel was
used as a template for the in situ formation of silver nanoparticles by reducing silver nitrate with
sodium borohydride.96 The concentration of silver nanoparticles in the hydrogel was found to
increase with the Pluronic concentration.
11
In situ formation of gold nanoparticles in Pluronic solutions without any additional reducing
or stabilizing agent was first demonstrated in 2004 by Sakai et. al.93 Interestingly, poly(ethylene
oxide) solutions were found to be ineffective for the formation of gold nanoparticles. Chain length
of both PEO and PPO blocks were found to affecting the kinetics of nanoparticle formation. They
proposed the following mechanism for the formation (Fig. 7.8):97 1) reduction of AuCl−14 by
psuedo-crown ether structures formed by Pluronic around the metal ion, 2) Absorption of Pluronic
chains on the forming gold cluster and further reduction of AuCl−14 on the cluster surface, and 3)
growth and stabilization of the nanoparticle. A pseudo first order rate equation was proposed for
the depletion of AuCl−14 ions. Reducing activity of Pluronic was found to increase with increasing
PEO content, which is in accordance with the increasing psuedo-crown ether formations in solu-
tion. With increasing AuCl−14 concentration, formation of large single crystalline triangular and
hexagonal nanoparticles was observed and was attributed to the selective adsorption of Pluronic
chains on crystallographic planes of the seed particles.98
In summary, nanoparticle seed formation is influenced by the Pluronic chain conformation
(which depends on specific pluronic type and its concentration in water) and the interaction be-
tween the PEO blocks and AuCl−14 (which depends on solvent quality and temperature). Particle
growth is controlled by competing reduction of AuCl−14 in the bulk and the seed surface (which is
stabilized by hydrophobic PPO blocks).93,97–99
2.3 Templated assembly of nanomaterials
Nanoparticles can be assembled into ordered lattices in suspensions, at interfaces and in poly-
mer/biological matrices. Tuning the interactions between nanoparticles (forces such as Van der
Waal’s, electrostatic, hydrogen bonding etc.) or between templating matrix and the nanoparticles
can create ordered assemblies of nanoparticles. Templates can be “hard” such as porous anodic
aluminum oxide (AAO), or “soft” such as polymers. While “hard” templates offer structural rigid-
ity, they lack sized tenability and other dynamic features offered by “soft” templates.100 A review
of some soft templates for the assembly of nanomaterials is presented here.
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Figure 2.1. Proposed mechanism for the formation of gold nanoparticles in aqueous solutions of Pluronic polymers.
Adapted from T. Sakai and P. Alexandridis, Journal of Physical Chemistry B, 2005, 109, 7766-7777. Copyright ©2005,
American Chemical Society.
2.3.1 Proteins and peptides as templates for assembling nanoparticles
The structural and functional properties of proteins and peptides in biology, have made them
an attractive candidate for templating assemblies of inorganic materials. Extensive research on
their properties such as folding has provided the required tools for protein and peptide based self-
assembly. Naturally occurring protein conformations such as α-helices and β-sheets have been
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used as templates for the formation of nanofibrous inorganic materials.101–103 Surfaces patterned
with peptides have been used as templates for immobilizing nanoparticles to obtain nanopar-
ticle arrays.102,104,105 Amphiphilic peptides such as bola-amphiphile peptides that self-assemble
into nanotubes have been used in the fabrication of metallic nanowires.106–108 Reviews on the
application of proteins and peptides in assembling inorganic materials have been presented in
literature.61,109–112
2.3.1.1 Biomimetic assembly of magnetic nanoparticles with biomineralization proteins
Surface immobilization of Mms6 has been used to template the formation of arrays of mag-
netite nanoparticles on various substrates using both RTCP and POFH methods. Covalent linking
of Mms6 to functionalized gold surface followed by POFH method resulted in the formation of
large crystals (340±53 nm) of magnetite on the surface. Recombinant Mms6 with a cysteine mod-
ified N-terminal has been used to create arrays of magnetite and cobalt ferrite nanoparticles on
gold coated surface.113 The thiol group on the cysteine binds covalently to gold and this was used
as the template to create arrays of magnetic nanoparticles with a hydrothermal method of mag-
netite formation on the patterned protein.
Taking advantage of the amphiphilicity of Mms6 a more biomimetic templating method has
been demonstrated with Mms6 immobilization on hydrophobic surfaces.114 The hydrophobic self-
assembled monolayer covered surface was observed to become significantly hydrophilic upon
immobilization of Mms6, indicating that the C-terminal domain is exposed and free to bind iron
ions. Mms6 was found to form network like structure on the hydrophobic SAM and promote the
formation of magnetite crystals with the RTCP method.
2.3.1.2 Biomimetic assembly of nanoparticles with synthetic analogs
In the biomimetic approach, much of the effort has been on creating scaffolds or templates
that mimic their biological counterparts and synthesizing the inorganic minerals within the scaf-
folds. These templates have domains with different chemical or physical properties separated in
space that interact differently with the inorganic precursors. Such templates can be obtained by
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top-down methods such as photolithography or self-assembly. Langmuir monolayers of charged
molecules with carboxylic ends have been used to template the formation of calcite crystals.103,115–117
Self-assembled monolayers (SAMs) are another option for creating templating patterns for min-
eralization of inorganic crystals on surfaces. Patterns of alkane thiols created on gold surfaces
by soft lithography were used as templates for the formation of calcite arrays118,119 and mag-
netite nanoparticle arrays.120 Polymer matrices that mimic biological matrices during biominer-
alization have been used control the formation of calcite crystals on SAM patterns.121 Hydrogels
have been used as 3-D templates for the formation of calcium phosphate122–125 and calcite crys-
tals.126 Biomimetic principles have also been used with block copolymer templated formation of
nanocomposites.123,125
2.3.2 DNA templated nanoparticle assemblies
Inorganic nanoparticles can be assembled into ordered assemblies using DNA in broadly two
ways: (a) using electrostatic interactions between the negatively charged phosphate groups on
the DNA backbone and nanoparticles and (b) using base pair interactions between complemen-
tary strands.127 First approach has been used to create nanowires and nanoparticle networks on
surfaces using immobilizing DNA on substrates and treating it with charged nanoparticles func-
tionalized to have positive surface charge.128,129 Linear assemblies of nanoparticles formed in so-
lution with the same approach have also been reported.130,131 Using DNA origami developed
by Rothemund132 and Douglas et al.,133 various nanoparticle super-structures have been fabri-
cated.134–140 Further, DNA tiling wherein a relatively smaller number of DNA strands assemble
to form complex structures, has also been used as templates for materials assembly.141,142 Molec-
ular recognition features of the base-pair interaction approach has been demonstrated to template
the assembly of mixed nanoparticles system where two more nanoparticle types differing in mor-
phology or composition can be assembled together.143,144 Excellent reviews on the use of DNA as
templates for assembling materials by design have been reported in literature.145–148
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2.3.3 Polymer-templated assembly of nanoparticles
While polymers can be used to control nanoparticle properties, ordered assemblies in polymer
matrices is also of great significance. Inclusion of nanostructured inorganic compounds into poly-
mer matrices can enhance the properties of both the polymers and the nanoparticles. For exam-
ple, intercalation of layered silicates into polymers lead to the formation of nanocomposites with
superior tensile strength.149 Polymer composites with carbon nanotubes also show similar en-
hancement in mechanical properties.150 Polymer nanocomposites refer to composites of polymer
matrices and structural elements that have physical features in the nanoscale. These are promising
candidates for novel optical,151–156 magnetic,157,158 electronic,157,159and antibacterial materials.157
Several reviews on their synthesis and applications have been written in the recent years.151,160–168
Shenhar et. al. list three functions of polymer scaffold in a polymer nanocomposite: assembly of
clusters, inducing order and anisotropic orientation and providing functional properties, such as
dielectric or stimuli responsive functions.169
Block copolymers (bcp) show different phase behaviors such as cubic, lamellar, and bicontin-
uous in melts and solutions with nanoscale ordering. This makes them an excellent templating
material for assembling nanoparticles. The interactions between the different blocks of the bcp
and the nanoparticle dictate the equilibrium phase of the nanocomposite. When a nanoparticle
is included in a bcp matrix, there is an enthalpic penalty due to chain stretching at the interface,
which limits the size of nanoparticle that can be included in bcp domains. Considering sym-
metry requirements, best pairs of bcp microphase and nanoparticle shape would be dot/sphere,
rod/cylinder, tripod/gyroid, and plate/lamellae.168 Theoretical models based on density func-
tional theory (DFT) and self-consistent field theory (SCFT) have been used to predict assembly of
nanoparticles in different bcp microphases depending nanoparticle morphology.170,171 Interaction
between nanoparticles and block copolymers is found to depend on the particle curvature ( size)
and radius of gyration of the block copolymer.172,173 Nature of interaction between the nanoparti-
cle and the domains of bcp also affect its dispersion in the matrix. Ideally, the nanoparticle would
have favorable interaction with one of the blocks (more favorable compared to self-interaction of
that block) and unfavorable interactions with all other blocks.
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Polymer matrices can be used as structure directing templates in broadly two ways:174 1) in
situ formation of nanoparticles in the polymer matrices and 2) mixing preformed nanoparticles
with polymer solutions or blends (so called the ex situ methods) (Fig. 2.2). Mixing preformed
nanoparticles with polymer solutions to obtain polymer nanoparticle composites has been used
to create a wide variety of composites. In order to avoid phase separation due to nanoparticle
aggregation, nanoparticles are commonly coated with polymer brushes that have favorable inter-
actions with the polymer matrix. In the second approach in situ formation of metal nanoparticles
in polymer matrices typically involves the reduction of a precursor metal salt and the growth of
the nanoparticle. The precursor can be reduced with heat, photochemical methods or a reducing
agent incorporated in the matrix.175
2.3.3.1 In situ formation and assembly of nanoparticles in polymer matrices
Various metal nanoparticles have been synthesized in situ in various polymer matrices, but ob-
taining ordered assemblies by this approach has been challenging. Block copolymer micelles and
other microphases have been used as nanoreactors for the formation of metal176,177 and metal ox-
ide nanoparticles.178 Using the periodic arrangement of these nanoreactors, assemblies of nanopar-
ticles are obtained. The basic principle is to selectively reduce an inorganic precursor and kinet-
ically trap and stabilize the growing nuclei in one of the blocks of the block copolymer. Obtain-
ing homogenous reaction conditions within the nanoreactors throughout the matrix is difficult to
achieve, and hence polydisperse particles are generally observed.174 This approach can be used to
create continuous films or networks of inorganic materials as the growth of the inorganic is limited
to the domain size and this has been used in the fabrication of mesoporous materials templated
by block copolymers.179,180
Forster et al. described the general steps in the formation of nanoparticles within block copoly-
mer micelles or microphases as follows:181 First, the precursors are loaded into micelles or mi-
crophases of the bcp to a predetermined degree of supersaturation. The degree of saturation,
and the interfacial tension between the formed nucleus and the medium determine the size of
the nucleus, which in turn determines nuclei density in the micelle/microphase. The interfacial
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Figure 2.2. Synthetic routes for the formation of polymer nanocomposites. Route (1) shows polymer nanocompos-
ite fromation using ex situ methods and route (2) shows polymer nanocomposite formation using in situ methods.
Adapted from S. M. Taheri, S. Fischer and S. Forster, Polymers, 2011, 3, 662-673. Licensed under CC BY 3.0.
tension between the nucleus and the medium depends on the interaction between the bcp and
the nanoparticle. Particle diffusivity and solubility affects Ostwald ripening and hence contribute
towards final particle morphology.
Progress in this field has been mainly seen in the fabrication of ordered arrays of nanoparti-
cles in block copolymer thin films on various substrates. Two dimensional hexagonal patterns of
spherical metal nanoparticles were obtained by reduction of a precursor in a bcp matrix formed by
PS-b-PAA copolymer.182 Arrays of palladium nanoparticles in P2VP lamellae formed by poly(isoprene)-
b-poly(2-vinylpyridine) (PI-b-P2VP) were obtained by thermal reduction of palladium acetate pre-
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cursor in crosslinked block copolymer matrix.183 Monolayers of PS-b-P2VP on silicon wafers with
pH tunable morphology were sued as nanoreactors for the formation of metallic nanowires.184
Thin films of PS-b-P4VP were used as templates for the formation of arrays of metallic nanopar-
ticles and nanowires.185 Three dimensional assemblies with continuous metal films with block
copolymers have been recently reported with seeded growth in bicontinuous gyroid phases of
poly(styrene)-b-poly(isoprene)-b-poly(propylene carbonate),186 poly(styrene)-b-poly(isoprene)187
and poly(styrene)-b-poly(L-lactide).188
2.3.3.2 In situ formation and assembly of nanoparticles in Pluronic gels
Liquid crystalline phases shown by Pluronic bcps are good candidates for templating the for-
mation of ordered polymer nanocomposites because they are water based, temperature responsive
and commercially available. The ordered phase that forms in these liquid crystals (ex. hexagonal
close packing, lamellar, cubic close packing and bicontinuous phases) depends on the chain length
fraction, the inter-block Flory-Huggins interaction parameter, the solution temperature and con-
centration. The micro-phase separated domains can act as nano-reactors for the in-situ formation
of inorganic component or they can be selectively etched and backfilled with suitable precursors
to form the inorganic component. Using this approach, mesoporous structures of oxides of Si, Zr,
Ti, Al, Nb, W etc and porous silver monoliths have been synthesized with Pluronic polymers.189
The precursor solution diffuses into the water-rich phase (PEO) and hence the PPO-rich phase
forms the pores. The ordered packing of PPO blocks makes the Pluronics a good template for
the formation of such mesoporous materials. Mesoporous carbon materials, alumina–carbon, and
MgO–carbon composites with ordered pore structures have been fabricated by crosslinking resols
in different Pluronic gels by evaporation induced self-assembly.190–195 Fabrication of such tem-
plated structures with other morphologies such as lamellae and bicontinuous phases has been a
challenge for the Pluronic based systems. Although they have been used extensively in the for-
mation of mesoporous materials,189,196 there are not many reports on their use in the formation of
nanocomposites.
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Simulations have shown that triblock ABA type polymers when mixed with inorganic precur-
sors can form gyroid, columnar and lamellar phases.197–200 End modified polymers with ends
that have attractive affinity towards the crystallizing inorganic component were employed in
the simulation.199 Different phases were predicted when interactions between the crystallizing
components and the polymer end and interactions in between the crystallizing components were
simultaneously varied. When the interaction between the polymer end and the inorganic was
greater than that amongst the inorganic components, formation of gyroid phase was predicted.
Interestingly, this result was predicted even with ABA polymer that do not show these phases in
solution. The authors attributed this to the strong interaction the polymer ends have with the in-
organic precursors, leading to the crystallization of the inorganic component. In their later work,
the authors generalized these results with different polymer architectures.198 A balance between
the polymer-inorganic interaction and inorganic-inorganic interactions was found to be the key
to the formation of various morphologies. Their results are shown in Figure 2.3. For end modi-
fied triblock copolymers with CA9B7A9C architecture, where C is the end modification, A is the
hydrophilic block and B is the hydrophobic block, gyroid phase is predicted. The inner chain
architecture (A9B7A9) roughly corresponds to that of Pluronic F127. In fact, Pluronic F127 with
end-modifications (cationic, anionic and zwitterionic) have been shown to template the forma-
tion of calcium phosphate nanocomposites by ionic interactions with the precursors containing
calcium and phosphate ions.123,125
2.3.3.3 Assembly of nanoparticles by physical dispersion in polymer matrices (ex situ
methods)
One of the disadvantages of obtaining polymer nanocomposites by in situ methods lies in the
lack of sufficient control over the morphology of the formed nanoparticle in comparison to ex
situ methods. Since in the ex situ methods, the nanoparticles are preformed in solvents, greater
degree of control over morphology is obtained. A common problem with the ex situ methods is
the incompatibility of capping agents on the nanoparticle and the polymer matrix leading to phase
separation.174 Van der Waal’s interactions and polymer depletion induced aggregations typically
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Figure 2.3. Phase diagram for polymer nanocomposites with packing fraction = 0.25 for different polymers, as a func-
tion of polymer-inorganic and inorganic-inorganic interactions. Reprinted with permission from J. A. Anderson, R.
Sknepnek and A. Travesset, Physical Review E, 2010, 82, 021803. Copyright (2010) by the American Physical Society.
cause nanoparticle aggregation and thus judicious choice of bcp matrix, nanoparticle size and
surface functionalization and particle concentration are required.
Thermodynamics of nanoparticle dispersion in polymer matrices has been studied theoreti-
cally173,200–203 and experimentally.204–206 When nanoparticles are dispersed in polymer matrices
there is enthalpic penalty due to the creation of new surfaces, loss of entropy for the polymer
chains and gain of translational entropy for the nanoparticles. The enthalpy contribution can be
manipulated by the particle morphology and capping. Entropic contributions are dependent on
the size of nanoparticle in relation the bcp domain size.204 Loss of conformational entropy for
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the polymer was found to limit nanoparticle loading in the matrix when nanoparticles had sizes
comparable to domain size.204 Nanoparticle dispersion in bcp matrices have a few advantages
over dispersions in homopolymers including control over morphology and tunable, selective
incorporation in nanoscale bcp domains.204 A common problem with bcps in general and bcp-
nanoparticle composites is the kinetic entrapment of the system in a metastable phase. Strategies
such as thermal annealing and the use of selective solvents that swell one of the blocks have been
used to overcome this hurdle in accessing different equilibrium phases.207–209 Tuning the proper-
ties of either the polymer matrix or the nanoparticle brush can be used to control the nanocom-
posite morphology. For example, Hu et.al., were able to transfer silica nanoparticles from micelle
core to corona or vice versa by varying the LCST of the nanoparticle brush compared to the LCST
of the micelle forming polymer.210 Utilizing these principles, nanocomposites of gold nanoparti-
cles,211 nanorods,212 CdSe nanoparticles,213 magnetite nanoparticles,214 silica nanoparticles215 etc
have been assembled into ordered morphologies using block copolymers. Magnetite nanoparti-
cles obtained by co-precipitation method have been selectively deposited in PMMA thin films by
coating the nanoparticles with oleic acid.216
In a kind of role reversal, nanoparticles introduced in polymer matrices have been used to tune
the morphology of the polymers. For example, PS coated gold nanoparticles were used as “surfac-
tants” to tune the assembly of PS-b-PVP to obtain lamellar and bicontinuous morphologies with
gold nanoparticles decorating the interfaces.217 Similarly, inclusion of CdS nanoparticles in P4VP
blocks of PS-b-P4VP induced morphological change from hexagonally close packed cylinders to
lamellae.218 This transformation was attributed to strong hydrogen bonding interactions between
the nanoparticles due to their surface functionalization. Trimethylsilylated silica nanoparticles
have been shown to control the morphology of PS-b-PDMS polymer melts.219 In gold/Poly(tert-
butacrylate)-b-PEO composites, by varying the nanoparticle weight fraction, different morpholo-
gies were obtained.220
Similar to the simulation results for the in situ crystallization of inorganic materials in con-
centrated solutions of end modified triblock amphiphilic copolymers, nanoparticle driven self-
assembly of the same polymers has also been shown.200 Simulations predict the formation of vari-
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ous nanocomposite morphologies with increasing overall packing fraction (volume fraction of the
polymer and nanoparticle in the simulation box), nanoparticle concentration and the strength of
the interaction between the nanoparticle and the end modified polymer (Fig. 2.4).200 End mod-
ified polymers with attractive affinity towards the nanoparticles (d ∼ Rg of the polymer) were
employed in the simulation. Nanoparticle diffusion within the matrix is found to be suppressed
after the formation of the assembly. At low overall packing fractions the polymer micelles and the
nanoparticles are in a disordered state. At high nanoparticle concentrations, and polymer pack-
ing fractions, formation of square and hexagonal columnar phases, perforated lamellae gyroid
networks of nanoparticles is predicted when the interaction between the polymer end and the
nanoparticle is greater than the thermal energy, kBT . Formation of columnar phases is explained
to be due to close packing of spheres of unequal sizes at different concentrations. At higher poly-
mer packing fractions formation of gyroid networks are predicted as to minimize surface tension
between the hydrophilic and hydrophobic blocks by the formation of a minimum surface (gyroid).
Similar results are also reported with end modified amphiphilic polymers and nanorods.221 Such
nanoparticle driven assembly is seen in Pluronic P123 in the presence of Laponite.222 Phase tran-
sition from hexagonal packing of rod like micelles to lamellar phase is observed with increasing
temperature.
Figure 2.4. Phase diagram for polymer nanocomposites as a function of polymer packing fraction and nanoparticle-
polymer interaction for three nanoparticle concentrations (c= 10%, 18% and 23%). Adapted from R. Sknepnek, J. A.
Anderson, M. H. Lamm, J. Schmalian and A. Travesset, ACS Nano, 2008, 2, 1259-1265. Copyright ©2008, American
Chemical Society.
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2.4 Self-assembly of nanoparticles into crystalline superlattices
2.4.1 Evaporation induced self-assembly
Evaporation induced self-assemnly of nanoparticles into superlattices is the earliest method
of crystallizing nanoparticles.223,224 Nanoaprticles coated with organic ligands such as dodecane
thiol, oleaic acid, and trioctylphosphine oxide suspended in volatile organic solvents such as
toluene and hexane are drop-casted on a solid or liquid substrate and the solvent is removed
by controlled evaporation.225 This leads to saturation conditions and packing of nanoparticles
to maximize van der Waal’s interactions. Nanoparticles of various compositions have been as-
sembles into complex superlattices including quazicrystalline structures by this approach.226–230
Further, due to the typical short inter-particle separations in these assemblies, they have been used
to demonstrate the collective behavior (lattice modes) of nanoparticles.231–233
2.4.2 Polymer-mediated self-assembly
Polymers in solutions show a rich phase behavior depending on the medium conditions such
as composition, temperature and ionic strength.234–236 Polymers are also used as nanoparticle sur-
face ligands to provide colloidal stability. Thus, utilizing the tunable behavior of polymers in
solutions, polymer stabilized nanoparticles have been chains, sheets and 3D crystals. Si et al.,
provide a list of nanoparticle assemblies formed mediated by polymers.237 To functionalize poly-
mers onto nanoparticles, there are two approaches: "grafting to" and "grafting from". In "grafting
to", a polymer with suitable end group is chemically adsorbed to the nanoparticle, whereas in the
"grafting from" approach, a polymer is grown on the nanoparticle by polymerization procedures
such as SI-ATRP (surface initiated - atom transfer radical polymerization),238 RAFT (reversible ad-
dition - fragmentation chain transfer),239 and ROMP(ring-opening metathesis polymerization).240
Although "grafting from" leads to higher grafting density, simulations show that "grafting to"
leads to more uniform grafting.241Noble metal nanoparticles have been functionalized with thiol-
terminated polymers, such as pol(ethylene glycol)-thiol and poly(N-isopropylacrylamide)-thiol
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and assembled into 2D and 3D superlattices.237,242–244 Functionalizing nanoparticles with block
copolymers is being explored for obtaining anisotropic assemblies.245
2.4.3 DNA-mediated self-assembly
Reversible aggregation of gold nanoparticles was demonstrated for the first time using DNA
linkers by Mirkin et al., and Alivisatos et al., in 1996.246,247 Since then, the formation of super-
lattices using this method248,249 various aspects of formation of these assemblies have been stud-
ied.143,250–260 Nanoparticles are functionalized with single stranded DNA, typically via the thiol
group, and the pendant DNA strand hybridizes with the complementary chain on a neighboring
particles (directly,248 or via a linker chain249). Hybridization of complementary strands are the
dominant forces that control the structure of the assembly and the excluded volume interactions
of hybridized DNA strands are the dominant repulsive forces.248,261 Since the hybridization of
DNA strands can be reversed by heating, thermal annealing is employed to obtain crystals. In
the absence of thermal annealing, RLCA clusters are obtained with the same method.250 In DNA-
mediated assembly of nanoparticles length of the DNA linker strands is found to affect both the
kinetics of aggregation262 and the structure of the aggregates.252,262 Increasing the duplex DNA
length (spacer) was found to increase inter-particle distance but decreases crystal quality (i.e., the
number of unit cells in a crystallite).252 While results from Mirkin group showed that shorter DNA
spacers lead to better crystallization,249 Nykypanchyk et al., reported the opposite.248 Further, Mc-
farlane et.al., obtained a phase diagram for these systems where they report a lower and upper
bound for the DNA linker length for a given nanoparticle size.254 The lower limit was attributed
to the thermodynamic penalty of assembling NP with size polydispersity higher than the flexi-
bility of the DNA linker. Shorter DNA linkers have lower flexibility and hence the lower limit in
the “zone of crystallization”.254 The upper limit was explained by kinetic limitations in rearrange-




2.5.1 High density data storage
Current data storage technology is based on perpendicular magnetic recording, wherein a col-
lection of particles form a storage unit. Areal density of magnetic data storage can be increased by
reducing the number of particles per bit or by reducing the size of a single particle. The foremost
hurdle in increasing the data storage density is the superparamagnetic limit, which causes the loss
of data in individual bits due to thermal fluctuations. The onset of superparamagnetism depends
on the size of the particles, the magnetic anisotropy of the material and temperature. Reducing the
number of particles per bit reduces the signal to noise ratio263 which causes the read head to func-
tion unreliably. So, research has focused on obtaining single domain magnets with an optimal
coercivity to function as the data storage medium.264–266 The current technology of sputtering,
where a continuous film is deposited as the data storage medium, limits the spatial separation
between the bits.267 Physical proximity of bits causes exchange coupling, which leads to loss of
data. Bit patterned media offers a solution to this problem, where individual bits are physically
separated, with discontinuity of material between them.268,269 This can increase the data storage
density up to 5 TB/sq.inch.270 In addition, magnetic nanoparticles also find applications in var-
ious sensors based on their magnetic relaxation and magnetoresistance properties.271–273 Surface
patterning of magnetic nanoparticles with enhanced magnetic properties can thus aid in their ef-
ficient device integration as sensors.
2.5.2 Metamaterials
Metamaterials is a new and exciting field of materials research where the physical properties
of the materials are dependent on the structure of constituent materials rather than their chemical
composition. Plasmonic metamaterials refer to materials whose electromagnetic properties, char-
acterized by dielectric permittivity and permeability ( and µ) are dependent on the structure of
the constituent units that are polarizable and are hence different from the properties of bulk ma-
terials. While negative permittivity is observed in bulk metals and metal nanoparticles for certain
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regions of the EM spectrum, simultaneous negative  and µ have never been observed in nature.
The possibility of manipulating µ to create materials with simultaneously negative  and µ and
thereby creating negative refraction media (n2 = µ) has resulted in a large amount of research
in this area. Most of the everyday materials have µ approximately equal to 1, but by creating
induced current loops in the constituent units, electromagnetic responses of the material can be
coupled to the magnetic part of the EM waves. Negative refractive index materials were first the-
oretically discussed by Veselago in 1968.274 Pendry et. al proposed different structures made of
metals that would have such a negative refractive index, including split ring structures275 and was
first demonstrated by Smith et. al in the microwave range.276 Since then, there have been many
attempts to create metamaterials for shorter wavelengths.
Fabrication of metamaterials requires high control over the shape of the individual constituent
unit and the spacing between the constituent units of the metamaterial. The limiting values for
both these dimensions are mainly determined by the wavelength of interest. For optical metamate-
rials, these conditions translate to the fabrication of shape controlled nanoparticles with nanoscale
order. Conservative estimates for the inter-unit spacing is around ten times the wavelength of
interest.277 Initial designs of metamaterials were conceptually based on resonating LC circuits
and hence the materials were analogous to conductor loops. So, metals were used as constituent
units as they have negative permittivity below their plasma frequency. Shapes such as split rings
have been demonstrated to provide metamaterial properties in the microwave region.276,278 Fur-
ther, other shapes like tuning forks have also been proposed to function as constituent units for
metamaterials. Using these negative index metamaterials, applications such as electromagnetic
cloaking279 and hyper-lenses239 have been developed. One of the first demonstrations of cloaking
with metamaterials was with copper split ring resonators to “hide” a cylinder of copper from mi-
crowaves.279 Ergin et. al used direct laser writing on negative photo resists to create a woodpile
structure photonic crystal with a tailored distribution of refractive index to demonstrate optical
cloaking at near IR wavelengths.277 Multilayers of the woodpile structure allowed certain three
dimensional characteristic to the material. Dolling et. al fabricated a metamaterial with negative
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refractive index at 780 nm with a fishnet structure of silver with ∼ 100nm square holes, using
e-beam lithography.280
Apart from the LC resonator circuit based designs where electromagnetic properties of the
constituent units are manipulated so as to superimpose electric and magnetic resonances, chiral
materials have also been proposed to provide metamaterial responses.281,282 Chiral materials have
different refractive indices for the different polarizations of electromagnetic wave and by tuning
the chirality parameter, effective refractive index of the medium can be negative.281 Strong optical
activity of the material increases the chirality parameter and hence the possibility of negative
refraction for some polarization of the EM wave. Plum et. al demonstrated this phenomena in
multilayers of twisted metallic rosettes in the microwave region283 while Zhang et. al used two
dimensional out of plain structures for chiral response in the far IR region.284 Although these
materials do show giant optical rotation per unit length, due to the low thickness of the material,
the effective optical rotation from these materials is low.283
In all the above examples, top-down fabrication methods were used to create the constituent
units of the metamaterial due to their high precision. However, due to their cost, low scale of
production and difficulties in producing three dimensional regularity, these methods are limited
towards the fabrication of three dimensional macroscale metamaterials. Thus, self-assembly pro-
cesses towards the fabrication of metamaterials have received a great deal of attention in the recent
years.285–289 In addition to addressing the issue of macroscale assembly, it is easier to reduce the
dimensions of the assemblies with self-assembly compared to traditional drop down approaches.
The self-assembly of block copolymers is being explored as a route to templated assembly for fab-
ricating metamaterials. There are multiple ways in which block copolymers can be used to tem-
plate the formation of metamaterials, which follow from the two methods of obtaining metamate-
rials in general (simultaneous electric and magnetic resonances, and strong chirality). Nanostruc-
tures with simultaneous negative permittivity and permeability can be assembled in the polymer
matrix using the general methods that have been established for assembling simpler nanoparti-
cles, namely: in situ and ex situ methods. Discrete chiral units can also be assembled into ordered
lattices using the same approach. On the other hand, continuous metallic films with chiral ge-
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ometries such as helix or gyroid that have metamaterial properties can also be templated by block
copolymers. These two methods are discussed in some detail below.
Figure 2.5. Schematic representation of block copolymer templated gyroid networks of gold. The block copolymers
were used as static and sacrificial templates here. (a) Interpenetrating network of gyroids formed by poly(isoprene) and
poly(ethylene oxide) blocks of PI-PS-PEO block copolymer. Blue represents the PI block, red represents the PEO block
and grey represents the PS block. (b) Selective removal of PI block by UV and chemical etching, (c) electrodeposition
of gold in the voids left behind by removal of PI and (d) Gold gyroid networks obtained by plasma etching. Figure
reproduced from S. Vignolini, N. A. Yufa, P. S. Cunha, S. Guldin, I. Rushkin, M. Stefik, K. Hur, U. Wiesner, J. J. Baumberg
and U. Steiner, Advanced Optical Materials, 2012, 24, 23-27. Copyrights ©2012, John Wiley and Sons.
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Three dimensional negative refractive index metamaterials using chiral assemblies of block
copolymers were first theoretically predicted by Hur et. al in 2011.290 Triply periodic, bicontin-
uous gyroid network of gold has been fabricated by electrodeposition using poly(isoprene)-b-
poly(styrene)-b-poly(ethylene oxide) (PI-PS-PEO) as template291 as shown in Figure 2.5. PI and
PEO blocks formed an interpenetrating gyroid network and selective removal of PI block by UV
and chemical etching left behind a porous void with gyroid structure.291 The voids were then
backfilled with gold by electrodeposition to a thickness of 200 nm to 1000 nm. Plasma frequency
of the obtained network was found to be lower than that of bulk gold291 and the optical responses
could further be tuned by the extent of gold deposition.292 The gold gyroid networks were found
to be optically active, but negative refraction was not reported. The thickness of the gyroid net-
works (< 1µm) was probably too small to affect sufficient optical rotation.
Such gyroid networks have been realized in other block copolymer composites as well. Gy-
roid networks formed by poly(styrene)-b-poly(L-lactide) as templates for electroless deposition of
nickel after selective hydrolytic removal of PLLA block.188 Similar results were also observed with
poly(tert-butoxystyrene)-block-polystyrene-block-poly(4-vinylpyridine) triblock copolymers.293 The
electroless deposition method is preferred over electrochemical deposition as it removes the ne-
cessity of a conducting substrate required as an electrode in the case of electrochemical deposition.
On the other hand, growth of continuous metal films or rods is more difficult to control in elec-
troless deposition.1 The other approach to using block copolymers is the assembly of discrete
metamaterial constituents into ordered assemblies with sub-wavelength periodicity. Synthesis of
stable suspensions of metallic constituent units with complex shapes such as split rings, tuning
fork shapes or the U shape is challenging. Lack of progress in this field has likely constrained the
use of this approach.
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CHAPTER 3. PROTEIN PATTERNS TEMPLATE ARRAYS OF MAGNETIC
NANOPARTICLES
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Abstract
Controlling the morphology of magnetic nanoparticles and their spatial arrangement is crucial
for manipulating their functional properties. The commonly available inorganic processes for the
synthesis of uniform magnetic nanoparticles typically require extreme reaction conditions such as
high temperatures or harsh reagents, rendering them unsuitable for making functionalized mag-
netic nanoparticles with tunable properties controlled by biomolecules. Biomimetic procedures,
inspired by the production of uniform magnetite and greigite crystals in magnetotactic bacteria,
provide an alternative method, which can allow synthesis and spatial arrangement under ambient
conditions. Mms6, an amphiphilic protein found in magnetosome membranes in Magnetospirillum
magneticum strain AMB-1, can control the morphology of magnetite nanoparticles, both in vivo
and in vitro. In this work, we have demonstrated the patterning of Mms6 and the formation of
patterns of magnetic nanoparticles on selective regions of surfaces by directed self-assembly and
control over surface chemistry, enabling facile spatial control in applications such as high density
data storage and biosensors. Using microcontact printing we have obtained various patterns of
1-octadecane thiol (ODT) and protein resistant poly(ethylene glycol)methyl ether thiol (PEG) lay-
ers on gold surfaces. Atomic force microscopy (AFM) and fluorescence microscopy studies show
the patterning of Mms6 on the ODT patterns and not on the PEG regions. Magnetic nanoparticles
were grown on these surfaces by a co-precipitation method over immobilized protein. AFM and
1Author for correspondence
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scanning electron microscopy (SEM) results show the localized growth of magnetic nanocrystals
selectively on the Mms6 template, which in turn was determined by the ODT regions. Magnetic
force measurements were conducted to assess the localization of magnetic nanoparticles on the
pattern.
3.1 Introduction
Ordered assemblies of magnetic nanoparticles are of particular interest in the fields of high
density data storage,1 and sensing.2 Magnetic properties of arrays of magnetic nanoparticles de-
pend on the crystal properties as well as the physical structure of the assemblies.3,4 These as-
semblies can be created by combining bottom-up processes to control crystal morphology with
top-down processes to control the physical structure.5
Conventional synthesis procedures for magnetic nanoparticles do not allow for easy con-
trol over crystal morphology, especially at ambient conditions. By contrast, biomineralization
of chains of uniform magnetite nanoparticles in magnetotactic bacteria occurs at ambient con-
ditions in vivo.6,7 An ensemble of biomolecules is thought to be involved in the formation of
these structures.8 Mms6, an amphiphilic protein found in the magnetosomes of Magnetospirillum
magneticum, can control the size, shape and monodispersity of magnetite nanoparticles, both in
vivo9,10 and in vitro9,11,12 using a room temperature co-precipitation (RTCP) method. While with
the RTCP route, larger magnetite nanoparticles are formed in the presence of Mms6,12–14 with
other synthesis methods such as the partial oxidation of ferrous hydroxide (POFH) route, in the
presence of Mms6, the reverse has been observed.14,15 Galloway et. al further concluded that for
obtaining either magnetite or cobalt ferrite particles in the single domain range, RTCP is preferred
as POFH produces multi-domain particles.15 The difference in particle sizes observed in the two
routes was attributed to the difference in the concentration of OH- ions in the reaction mixture15
and might potentially also be the result of the higher temperatures (∼ 80oC) used in the POFH
method that might have a detrimental effect on Mms6 activity. Recent work by Oestreicher et. al
has shown the localization of Mms6 in the magnetosome during the crystal growth, wherein it was
found to be in direct contact with the crystals indicating its significance in their formation.16 Using
47
in-situ liquid cell High Angle Annular Dark Field - Scanning Transmission Electron Microscopy
(HAADF-STEM), Kashyap et.al reported the surface localization of ferric ions on the negatively
charged Mms6 micelles, which forms an amorphous precursor phase to iron oxide, upon slow ad-
dition of NaOH.17 Further, in the presence of Mms6, nucleation was observed only on the Mms6
micelle surface and not in the bulk. In contrast, in-vivo studies have shown that Mms6 is not
involved in the nucleation, but only in the crystal growth.10,16
The hydrophilic C-terminal domain of Mms6 plays a critical role in the formation of these par-
ticles.9,11,18 m2Mms6, a synthetic C-terminal domain mutant of the wild type Mms6, does not tem-
plate the formation of larger, uniform magnetite crystals.11 With respect to the wild-type Mms6,
this mutant has its C-terminal domain altered such that it has the same hydropathy profile, but
the amino acid residues containing hydroxyl groups and carboxyl groups have been shuffled with
respect to each other.18 Wild-type Mms6 is known to form micelles in aqueous solutions, with
the glycine – leucine repeats and the bulky hydrophobic groups on tryptophan residues in the
N-terminal being crucial to this self-assembly.18 In addition, structural changes at the C-terminal
domain in the mutant reduces iron binding significantly and alters the assembly of the protein,
which suggests that the C-terminal domain plays an important role in the formation of these mi-
celles.18 Further, unlike m2Mms6, Mms6 has been observed to form network-like structures and
template the formation of magnetite nanoparticles on hydrophobic surfaces.19
Several templates have been used for fabricating 1-D magnetic nanowires of metals and alloys,
such as porous anodic aluminum oxide (AAO)4,20,21 silicon nanowires fabricated by chemical etch-
ing22 and nuclear etched nanoporous polycarbonate films.3 These techniques are limited in their
abilities to create a wide range of physical structures for templating ordered assemblies. Further,
electrodeposition, used for depositing the magnetic material on these AAO templates, lacks the
control over the formation of crystals provided by the biomineralization routes.23 In contrast, soft
lithography can create complex templates with multiple functionalities24 and has been extensively
used to create patterned surfaces for immobilizing proteins and cells.25–27
Arrays of Mms6 on surfaces have been created by microcontact printing and interferometric
lithographic patterning of a cysteine-tagged protein (with an N-terminal thiol group) on Au sur-
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face via thiol-Au interactions28,29 or by covalently attaching the protein to a self-assembled mono-
layer of carboxyl-terminated alkane chains.30 While the former requires genetic engineering of the
protein, the latter lacks the required specificity. Further, such covalent binding of the protein can
alter its structure and hence the function, which was not addressed in the above studies. Consider-
ing Mms6’s isolation from the magnetosome membrane,9 its integration into liposomes,11 and its
interaction with hydrophobic surfaces without loss of biomineralization activity,19 it is desirable
to create Mms6 patterns by non-covalent interactions between Mms6 and hydrophobic surfaces.
Previous works on fabricating patterns of magnetite via the patterns of Mms6 have used POFH
to induce the formation of magnetite15,28–30 although the role of Mms6 in this synthesis route is
not clear at the higher temperatures used, as mentioned earlier. No control groups for studying
the role of immobilized proteins on the formation of magnetite nanoparticles were considered in
these studies. Hence, it is not clear whether the results obtained with POFH are specific to Mms6
or whether any immobilized protein could produce the same result.
In this work, we demonstrate, for the first time, a room temperature facile synthesis method
to create surfaces with patterns of magnetic nanoparticles using a bioinspired route involving the
biomineralization protein Mms6. To study the specific effect of protein structure on the formation
of these assemblies, two control proteins (m2mms6 and BSA) have been used. We have capital-
ized on the immobilization and network formation of Mms6 on hydrophobic surfaces as opposed
to hydrophilic surfaces, based on our previous work12,19 to create the patterned substrates. A
template stripped gold surface was patterned with a hydrophobic self-assembled monolayer of
1-octadecane thiol (ODT) by micro-contact printing and backfilled with a protein resistant poly
(ethylene glycol) methyl ether thiol (PEG) layer. These surfaces were used as templates for the
assembly of Mms6 and the subsequent assembly of magnetic nanoparticles. Our results in this
work show that the ODT-PEG pattern can direct the assembly of Mms6 and the pattern is retained
even after RTCP and the magnetic nanoparticles are localized mainly in the ODT/Mms6 regions.
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3.2 Materials and Methods
Materials Poly (dimethyl siloxane) (PDMS) pre-polymer, Slygard 184 Silicone Elastomer Kit,
was purchased from Dow Corning Corporation. 1 - Octadecanethiol (ODT), poly (ethylene gly-
col) methyl ether thiol (average Mn = 800), iron (III) chloride hexahydrate (FeCl3.6H2O, ≥ 98%),
iron (II) chloride tetrahydrate (FeCl2.4H2O, 99.99%), lyophilized Bovine Serum Albumin (BSA)
powder (Cohn fraction V), Tween-20 and Pluronic F-127 were purchased from Sigma-Aldrich.
Potassium chloride (KCl, ≥ 99%) and Tris base (≥ 99.8%) were purchased from Fisher Scientific.
Anti-6X His tag antibody (FITC) ab1206 was purchased from Abcam. TALON Metal Affinity Resin
was purchased from BD Biosciences.
Recombinant Mms6 and its mutant m2Mms6 were expressed and prepared as reported ear-
lier.12,18 The proteins were obtained at 0.2 mg/ml concentration in 25 mM Tris and 100 mM KCl
buffer at pH = 7.5. Both proteins were expressed in E.coli and extracted from cell lysates under
denaturing conditions by way of their N-terminal poly-histidine tags using TALON affinity resin.
The proteins were refolded at 4o C by a sequential dialysis protocol to remove the urea in incre-
mental steps over a period of about 18 h. An anti-His antibody (rabbit polyclonal) conjugated
with FITC was used to fluorescently tag the poly-histidine, as a way of identifying Mms6 on the
surface. BSA and m2Mms6 were used as control groups for studying Mms6 assembly on the
patterned surfaces.
PDMS stamp PDMS (Poly(dimethyl siloxane)) stamps were prepared by standard soft lithog-
raphy techniques.31 Masks for different patterns were drawn in AutoCAD and printed on mylar
by FineLine Imaging, Colorado Springs, CO. Negative SU-8 was developed on Silicon wafer and
subsequently, PDMS stamps were cast on the Silicon template by curing the pre-polymer at 70oC
for 2 hours.
Surface preparation Template-stripped gold on glass substrates were prepared as described
before.19 ODT was applied to the patterned side of the PDMS stamp by a cotton swab and the
excess was dried with nitrogen stream. The ODT soaked stamp was pressed on the gold surface for
2 min. The sample was then washed with ethanol and placed in the PEG solution for 2 hours. The
surfaces were again rinsed with ethanol and dried with nitrogen. These surfaces were treated with
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Figure 3.1. Outline of the pattern generation process for growth of magnetic nanoparticles. An ODT-PEG pattern
is formed by microcontact printing on a template-stripped gold surface (a-c). A drop of protein is incubated on the
resulting surface (d) and subsequently, magnetite nanoparticles are grown by co-precipitation method (e)
the proteins as described earlier.19 Briefly, 30µL of the protein solution was dropped on the surface
and stored at 4oC under humid conditions, overnight. The samples were then washed in 0.2 wt%
Tween-20 solution in buffer, rinsed with ethanol and dried with nitrogen. For fluorescence studies,
20µL of anti-6X His tagged antibody was incubated on the protein patterned surfaces overnight.
The samples were then washed in 0.2 wt% Tween-20 solution in water, rinsed with ethanol and
dried with nitrogen. Magnetic nanoparticles synthesis: Magnetite nanoparticles were grown on
the protein patterned surfaces by co-precipitation as described earlier19. In brief, 0.25 M FeCl2, 0.5
M FeCl3 and, 25 wt% Pluronic F127 solution were mixed in 1:1:2 volume proportions. The sample
surfaces were placed in a 24-well plate in a glovebox, under Argon atmosphere. Then 0.3 mL of
this solution was dropped on the protein coated surfaces. After 2 h, the pH of the solution was
raised by adding 0.6 mL of 0.1M NaOH and the resulting magnetite nanoparticles were allowed
to grow for 5 days at the ambient temperature. The well-plate was kept covered throughout the
synthesis, except when necessary, so that the reactants do not evaporate. The glovebox was purged
periodically with Argon to avoid oxidation of the formed particles. The samples were washed in
0.2 wt% Tween 20 in deionized water (Millipore, MILLI-Q water system), rinsed with ethanol and
dried with nitrogen.
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Measurements Atomic force microscopy images were acquired by Nanoscope III Digital In-
struments AFM (Veeco) and Bruker TESPA probes under tapping mode. MFM images were ob-
tained at the Center for Nanoscale Materials at the Argonne National Lab, by a Scanning probe
microscope, VeecoMultiMode 8 and Bruker MESP probes. Both AFM and MFM images were ana-
lyzed using Nanoscope Analysis software. Step heights were measured by cross sectional analysis
with heights averaged over ten different rectangular areas (1µm ×20µm). Fluorescence images
were captured with a CoolSNAP EZ camera, from Nikon Eclipse TE2000-E microscope with a 10X
objective and HQ Wide Blue filter. Patterning of magnetite nanoparticles on the surfaces was ex-
amined with scanning electron microscopy (SEM, FEI Quanta 250). Backscattered electron images
were taken with an accelerating voltage of 3kV. X-ray photoelectron spectroscopy (XPS) surface
analysis was performed with a PHI 5500 spectrometer using Al-Kα1 radiation with a 45o electron
collection angle, corresponding to the maximal penetration depth of about 10 nm. Au4f7/2 peak
(84 eV) was used to calibrate the data and CasaXPS was used for fitting the models.
3.3 Results and Discussions
3.3.1 Microcontact printing of ODT-PEG pattern on gold surface
Microcontact printing was used to make different patterns of ODT and PEG on the template-
stripped gold surface. Specifically, stripes of 30µm of ODT separated by 30µm PEG, stripes of
4.5µm of ODT separated by 2.5µm of PEG and 50µm ×50µm squares of PEG separated center-to-
center by 100µm, with ODT between the squares were created. The samples with the 30µm stripes
and 50µm square patterns were used for fluorescence microscopy and samples with 4.5µm stripes
were used for AFM imaging. These patterns were found to have negligible height difference
between the ODT and PEG layers (Fig. 3.2(a)) but provided a clear contrast in hydrophobicity (Fig.
3.2(b)). This result is useful in analyzing the templating action of the pattern, as any subsequent
height difference would be due to the difference in surface treatments and not the initial ODT-
PEG template itself.
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Figure 3.2. Contact mode AFM (a) and the corresponding Lateral Force Microscopy image (b) of 4.5µm× 2.5µm ODT
- PEG pattern on template-stripped gold. The template provides insignificant contrast in height, but a clear contrast in
surface properties, making it ideal for analyzing the assembly of the proteins on hydrophobic - hydrophilic patterns
3.3.2 Immobilization of Mms6 on the ODT-PEG pattern
Tapping mode AFM images for 4.5µm ×2.5µm striped patterned surfaces treated with differ-
ent protein solutions are presented in Figure 3.3 and 3.4. For the patterned surfaces treated with
a protein-free buffer, the PEG layer is on average 3 nm taller than the ODT layer (Fig. 3.4(a), and
Table 3.1). The increase in the PEG layer height compared to the bare template is likely to be
caused by the swelling of PEG in water.32 However, patterned surfaces with Mms6 showed the
protein coated ODT layer to be on average 5 nm (measured from edge to edge) taller than the PEG
layer (Fig. 3.3(b), and Table 3.1). For the ODT-PEG patterned surfaces treated with m2Mms6, the
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m2Mms6-ODT layer was slightly shorter compared to Mms6, at 2.3 nm from PEG layer (Fig. 3.3(c),
and Table 3.1). Similar surface profiles were observed for the surfaces treated with BSA and buffer
(Fig. 3.3(a) and (d)), indicating the importance of the structure of Mms6 in its integration into
the hydrophobic layers. Mms6 also formed a network-like structure (Fig. 3.4(b)) on the ODT layer
similar to that seen on uniform ODT coated surfaces.19 m2Mms6, having the same hydropathy
profile as Mms6, was also templated by the pattern, but the network structure within the ODT
layer was absent (Fig. 3.4(a)). This result shows the inability of m2Mms6 to form a network struc-
ture (Fig. 3.3(a)) on hydrophobic surfaces as shown in previous studies.19 This observation is con-
sistent with the relaxed structural integrity of m2Mms6 multimers and isolated m2Mms6 terminal
domains.12,18
Table 3.1. Average step heights computed from cross-sectional analysis of AFM images for the protein patterned sur-
faces. Heights were measured from edge of the ODT layer to the edge of the PEG layer on the boundary. Fig. S3 gives
an example of the sectional analysis followed to obtain these results
Protein Buffer Mms6 m2Mms6 BSA
Height/nm (before RTCP) −3.1± 0.9 5± 0.8 2.3± 0.2 −5.1± 0.6
Height/nm (after RTCP) N/A 28.9± 8.3 12.5± 4.4 N/A
The patterns used for fluorescence studies were 30µ× 30µ stripes and 50µ× 50µ squares sep-
arated center to center by 100µ. In the squares pattern, PEG was coated on the square whereas
ODT self-assembled in the space between the PEG squares. The fluorescence images (Fig. 3.5)
confirm our previous observations19 that PEG regions effectively blocked the adsorption of Mms6
whereas ODT regions allowed for immobilization of Mms6 by hydrophobic interactions. In the
absence of Mms6, no fluorescence was observed.
XPS technique was employed to confirm the presence of Mms6 on ODT patterned surfaces.
The patterned surface treated with the buffer showed no peak in the N1s region (Fig. 3.6), whereas
the surface patterned with Mms6 showed C 1s and N1s peaks that correspond to amine and car-
boxamide groups (Fig. 3.6, and 3.7). The C1s peak can be deconvoluted into three peaks corre-
sponding to C-C (285 eV), C-O (286.2 eV) and C=O (287.5 eV) indicating the presence of protein
on the surface.
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Figure 3.3. Tapping mode AFM images for protein patterned on ODT-PEG templates: (a) buffer, (b) Mms6 (c) m2Mms6
and (d) BSA.
3.3.3 Growth of magnetite nanoparticles on Mms6 pattern
Topographic data from magnetic force microscopy of patterned surfaces, after co-precipitation
without protein do not show templated growth of nanoparticles (Fig. 3.8(a). The few large par-
ticles dispersed on the surface are probably non-specific adsorption of iron oxide particles to the
surface after a prolonged period of co-precipitation. The magnetic force microscopy images of
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Figure 3.4. Tapping mode AFM images showing the network-like structure of Mms6 on ODT region (b). m2Mms6 did
not show such network-like structure although it did adhere to ODT (a).
Figure 3.5. Fluorescence microscope images of Mms6 protein patterned on the ODT-PEG template, tagged with a FITC-
conjugated antibody. The bright regions indicate the presence of the protein on the ODT area. (a) 30µ stripes of ODT
separated by 30µ stripes of PEG. (b) 50µ squares of PEG separated center to center by 50µ with ODT in between them.
the corresponding area also showed no high contrast regions expected of magnetic domains (Fig.
3.8(d)). Sectional analysis was carried out on the AFM images of these surfaces as shown Fig. S3
(b). With Mms6, the surfaces showed retention of the templating pattern, with an average edge-
to-edge step height of 28.9 nm (from PEG layer to the magnetite/Mms6/ODT layer) (Fig. 3.8(b),
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Figure 3.6. N1s peak from XPS for ODT-PEG patterned surface treated with Mms6 (a) and buffer (b). The presence of
N1s peak shows the attachment of Mms6 to the ODT-PEG pattern.
and Table 3.1). The magnetic force image pattern corresponds very well with the topographic
data (Fig. 3.8(e)). With m2Mms6 on the surface, the observed particles are randomly scattered
(Fig. 3.8(c)). The low step size of approximately 12.5 nm (Table 3.1) for these particles suggests
that the apparent pattern is mostly due to m2Mms6 on ODT. The corresponding magnetic force
microscopy image did not show a contrasting pattern that corresponds to the topographic image
(Fig. 3.8(f)) which suggests that the particles formed by RTCP and associated with m2Mms6 are
very weakly magnetic. The step height roughly corresponds to the particle size on the ODT layer
and the values that we have observed here correspond well with those seen in literature for the
RTCP route.11,12,14,15
These results show that RTCP results in particles on the ODT-Mms6 areas with some magnetic
domains, which are absent in the PEG layer and not found with the functional mutant, m2Mms6.
The observation of magnetic nanoparticle production templated by Mms6 but not by m2Mms6
on surfaces is consistent with previous observations of magnetite biomineralization mediated by
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Figure 3.7. C1s peak from XPS for ODT-PEG patterned surface treated with Mms6 (a) and buffer (b). (b) shows fitted
peaks corresponding to C-C (285 eV) and C-O (286.2 eV) bonds present in ODT and PEG. (a) shows in addition to the
C-C and C-O peaks, fitted peaks corresponding to C=O (287.5 eV) bonds present in Mms6.
Mms6 and m2Mms6 in the bulk.11 The changes in the C-terminal domain sequence present in
m2Mms6 affect its self-assembly into multimeric complexes that are important for Mms6’s func-
tion as a biomineralization protein.18,33
The pattern of nanoparticles grown on the Mms6 surfaces can also be observed by SEM (Fig.
3.9(b)). The ODT-PEG template by itself did not show any contrast in the backscattered electron
image (Fig. 3.9(a)). The contrast seen in the presence of Mms6 can be attributed to either the
protein or the magnetic nanoparticles. Similar contrast was absent in the BSE image of the surface
treated with m2Mms6 (Fig. 3.9 (c)). EDS analysis showed the presence of Fe and O on both ODT
layer and PEG layer on the surface treated with Mms6 (Fig. 3.10). Iron salts are expected to be
dissolved in the PEG layer which can potentially cause the iron signal even in the absence of
Mms6 on PEG. The ODT layer showed a slightly stronger Fe signal than the PEG layers in the
EDS area scans, but due to the low thickness of the magnetite layer compared to the penetration
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Figure 3.8. Magnetic nanoparticles grown by co-precipitation on surfaces patterned with ODT - PEG and treated with
buffer, Mms6 and m2Mms6. Top row (a,b,c) shows the topographic images and the bottom row (d,e,f) shows their
corresponding magnetic force microscopy images. Only Mms6 (b,e) shows magnetic contrast corresponding to the
topographic image.
depth of the e-beam, the overall Fe signal was weak. Secondary electron images (Fig. 3.10) and
the backscattered images (Fig. 3.9(b)) showed many particles on the ODT layer that were rich in
Fe and O, while PEG layer had fewer particles rich in Fe and O.
XPS was used for qualitative chemical analysis of the surface. The results, after modelling the
data, show Fe2+ peaks at 710.7eV (2p3/2) and 724.2 eV (2p1/2) and Fe3+ peaks at 712.9eV (2p3/2)
and 726.2eV (2p1/2) (Fig. 3.11). O1s data also shows the presence of Fe-O bonds with a peak at
530.1eV. Thus, iron is present in both +2 and +3 states on the surface. The modelled data also
shows the presence of C-C, C-O, C-N, C=O and N-C=O bonds with peaks in the C1s region and
C-N bonds with a peak in N1s region similar to the ones observed in Figure 3.6(a) and Figure
3.7(a).
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Figure 3.9. Backscattered electron images of magnetite co-precipitated on ODT-PEG patterned surfaces treated with (a)
buffer, (b) Mms6, (c) m2Mms6 and (d) BSA.
Results from XPS, EDS and magnetic force microscopy characterization, combined with the
fact that RTCP method in the bulk in the presence of Mms6 produces magnetite nanoparticles12,15
lead to a conclusion that the magnetic nanocrystals on the patterned surfaces are very likely to be
magnetite nanocrystals.
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Figure 3.10. EDS data for the corresponding areas on the secondary electron image of ODT-PEG patterned surfaces
treated with Mms6 and co-precipitated magnetite.
3.4 Conclusion
In this work, localized deposition of magnetic particles on patterned surfaces was demon-
strated by combining the top-down fabrication process of microcontact printing with the bottom-
up approach of self-assembly of the biomineralization protein Mms6 and subsequent templating
of magnetic nanoparticles by the protein. Its amphiphilic structure is consistent with assembly of
Mms6 on hydrophobic surfaces, and the network-like structure of the protein is likely promoted
by the self-assembly properties of the C-terminal domain. Both properties of Mms6 contributed
to its localization on the ODT regions of the patterned surfaces, and its templating the formation
of magnetite nanoparticles selectively on the ODT patterned surfaces. PEG effectively blocked
non-specific adsorption of Mms6 and magnetic nanoparticles localized mainly in the ODT regions
with Mms6.
The synergistic approach described here can be used to create functionalized surfaces with
tunable magnetic properties. Patterns of hydrophobic self-assembled monolayers and protein-
resistant layers with smaller dimensions can be created using nanocontact printing34 or interfer-
ence lithography.35 The PEG layer can be further functionalized with different moieties, provid-
ing an additional tunable parameter. Magnetic properties of the resulting structures can also be
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Figure 3.11. XPS peaks with fit models for the patterned surfaces treated with Mms6, after RTCP. Au4f peak at 84.0 eV
was used as the reference.
enhanced by doping with a high coercivity ferromagnetic material like cobalt.13 These function-
alized surfaces with arrays and patterns of magnetic nanoparticles can provide tunable magnetic
properties and have many applications in high density data storage and sensors.
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CHAPTER 4. ORDERED NETWORKS OF GOLD NANOPARTICLES
CROSSLINKED BY DITHIOL-OLIGOMERS
A paper published in the Journal Particle & Particle Systems Characterization
Srikanth Nayak, Nathan Horst, Honghu Zhang, Wenjie Wang, Surya Mallapragada, Alex
Travesset, and David Vaknin 1
Abstract
Controlled aggregation of nanoparticles into superlattices is a grand challenge in material
science, where ligand based self-assembly is the dominant route. Here, we report on the self-
assembly of gold nanoparticles (AuNPs) that are crosslinked by water soluble oligo-(ethylene
glycol)-dithiol (PEG-dithiol) and determine their three-dimensional (3D) structure by small angle
x-ray scattering. Surprisingly, we find a narrow region in the parameter space of dithiol linker-
length and nanoparticle size for which the crosslinked networks form short-ranged FCC crys-
tals. Using geometrical considerations and numerical simulations, we evaluate the stability of the
formed lattices as a function of dithiol length and the number of connected nearest-neighbors, and
provide a phase diagram of superlattice formation. Identifying the narrow parameter space that
allows crystallization facilitates focused exploration of linker chemical composition and medium
conditions such as thermal annealing, pH and added solutes that may lead to superior and more
robust crystals.
4.1 Introduction
Assembling nanoparticles (NPs) into superlattices with specific symmetries is crucial for ap-
plications such as catalysis,1–3 optical devices,4,5 sensors6–8 and energy storage.9 Although there
1Author for correspondence
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has been considerable progress in assembling two- and three-dimensional (2D and 3D) superlat-
tices of metallic and semiconductor NPs,10–19 the challenge of up-scaling and stabilizing these
crystals still remains.20 In this regard, self-assembly of NPs driven by inter-particle and thermo-
dynamic forces has proven to be a promising approach for the formation of macroscale ordered
assemblies.21–24
In solution based methods of NP assembly a surface ligand, covalently bound to a NP, inter-
acts with neighboring ligands via non-covalent interactions such as hydrogen bonding.1,3,25? ? ,26
While there is a plethora of studies reporting structural properties of NPs by DNA-mediated as-
sembly,12–14 there is a relative dearth of studies on the structure of NPs networks obtained by
covalent crosslinkers, such as dithiol molecules, which are an obvious choice for linking of gold
nanoparticles (AuNPs). An advantage of short dithiol ligands (with a length of a few nanometers)
over the longer linkers (such as those used in DNA-mediated assembly) is the very short inter-
particle distance they accommodate which leads to a higher plasmon coupling and hence has
potential applications in plasmonic effective medium metamaterials27,28 and FRET devices.29,30 In
one of the earliest studies on assembling AuNPs with dithiols, Brust et al.31 employed the Brust-
Schiffrin method of synthesizing AuNPs and used alkyl dithiols instead of monothiols. They
obtained super-clusters of NPs by drop-casting on TEM grids. Deffner et al.32 studied the kinetics
of aggregation of AuNPs functionalized with hydrophobic dithiols in water and organic solvents,
but did not report on the fine structure of the aggregates. Others have shown the formation of
spherical AuNP assemblies with dithiol crosslinkers33,34 and there has been some effort towards
tuning the functional properties of NP assemblies by tuning the length of the dithiol linkers.35
Dithiols have also been used to crosslink gold nanorods end–to–end and a preferential adsorption
of thiols to the end faces of nanorods has been reported.36,37 Rossner et al.38 reported the effect of
chain length of crosslinking polymer on the formation of NP networks by small angle X-ray scat-
tering (SAXS) studies of the networked NPs with a bifunctional RAFT agent and observed a broad
single peak in one experimental condition. They attribute the lack of crystallinity to NP size poly-





























Dispersed AuNPs Crosslinking by dithiols Superlattice (SRO)
Figure 4.1. Schematic of the procedure to obtain AuNP-dithiol aggregates. AuNPs are cross-linked by short, water
soluble dithiols and form superlattices with short-ranged order (SRO).
To address the gap in the existing literature regarding the structure of NP assemblies obtained
by covalent crosslinking, we have embarked on a systematic investigation of AuNPs aggregation
in the presence of dithiol ligands, using various experimental techniques, computational model-
ing and theoretical predictions (see schematic illustration in Figure 4.1). In particular, we employ
synchrotron radiation SAXS to examine the effect that dithiol linker length and the NP size have
on the structure of the aggregates. Geometrical considerations of the assembly lead us to pro-
vide theoretical predictions on the stability/formation of NP lattices. Furthermore, we evaluate
the dependence of lattice quality and stability on the linker length and the connectedness of the
nanoparticles by MD simulations.
4.2 Materials and Methods
Reagents and Materials: Aqueous suspension of citrate stabilized gold nanoparticle (AuNP)
with a nominal sizes of 5 nm and 10 nm were purchased from Ted Pella Inc. Hexaethylene glycol
dithiol (DT6), tetraethylene glycol dithiol (DT4) were purchased from Sigma-Aldrich. Poly(ethylene
glycol) dithiol with Mn ∼ 600 (DT12) and ∼ 1000 (DT21) were purchased from CreativePEG-
Works.Inc. From the molecular weights, we estimate there are about 12 and 21 ethylene glycol
units in DT12 and DT21, respectively.
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Synthesis of AuNP aggregates: Schematic of the procedure to obtain aggregates of AuNPs
with dithiols by ligand exchange method is presented in Figure 4.1. Aqueous solutions of dithiol
(DT) at appropriate concentrations are prepared by dissolving the appropriate amount of dithiols
in millipore water at room temperature. To 0.99 ml of AuNP suspension as received, 0.01 ml of the
dithiol solution is added under sonication. Final AuNPs concentration in the mixture is estimated
at ∼ 8.5 nM using the nominal concentrations provided by the manufacturer. The samples are
prepared in glass vials with plastic caps and are kept under radial shaking for more than 48 hours.
Samples are labeled AuX:DTY (1:r), where X is the nominal size of the AuNPs, Y is the number
of ethylene glycol units in the dithiol molecule and r is the molar ratio of dithiol to AuNPs in
solution, and characterized by UV/vis absorption spectra.
Characterization methods: UV-vis absorbance spectra are collected with a Malvern Instruments
with an optical length of 1 cm in polystyrene cuvettes. Small angle X-ray scattering (SAXS) mea-
surements of the precipitates are conducted at beamline 12-ID of Advanced Photon Source, Ar-
gonne National Laboratory. For the SAXS measurements, samples are transferred to quartz capil-
laries using glass pipettes and the measurements are performed in transmission mode with pho-
ton energy, E = 13.3 keV ( λ = 0.9322 Å) using 2D Pilatus2m detector at room temperature. SAXS
apparatus is calibrated using the diffraction pattern of silver behenate powder standard. The 2D
scattering data is circularly averaged and the background scattering from the capillary with blank
solution is subtracted.
Aggregates are also studied by transmittance electron microscopy (FEI Tecnai G2-F20) in the trans-
mission mode with an acceleration voltage of 200kV.
Simulation methods: Molecular Dynamics (MD) simulations are executed on graphical pro-
cessing units using the HOOMD-blue software.39–41 Nanoparticles are treated as rigid bodies dur-
ing the simulation, non-bonded interactions with a force-shifted form of the Lennard–Jones poten-
tial and bonded interactions through FENE (Finite Extensible Nonlinear Elastic) bond potentials.
Simulations are run at the theta-temperature, where polymer coils behave like ideal chains. All
simulations are performed in a periodic cell, from an initial configuration of a perfect FCC lattice
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using HOODLT? software. Systems are initially equilibrated for 105 timesteps, and final statistics
are taken from production runs of 106 timesteps in length.
4.3 Results and Discussion
4.3.1 Effect of AuNP:dithiol ratio and dithiol-length






















Figure 4.2. Time evolution of UV-vis absorbance spectra of Au10:DT6 (1:850) mixture indicated by arrow. Initially, the
LSPR peak of AuNPs shifts to longer wavelengths consistent with the formation of large aggregates, and vanishes as
precipitates of crosslinked AuNPs are formed and move away from the UV-illuminated volume.
Upon addition of dithiols to the suspension, gold nanoparticles aggregate, as visually observed
and also as recorded by UV-vis absorbance spectra. Figure 4.2(a) shows that the localized surface
plasmon resonance (LSPR) peak of AuNPs UV-vis shifts to longer wavelengths indicating aggre-
gation after adding DT6. Initially, the LSPR peak intensity increases, and after sufficiently long
time, aggregates precipitate out of the illuminated volume of the suspension leading to a flat line
in the absorbance spectrum. Figure 4.3 shows TEM images of AuNPs aggregates, obtained 4 hours
after adding DT6 to bare AuNP suspensions, and spread on carbon coated TEM grid. Compared to
dispersed bare AuNPs (Figure 4.3a), the aggregates with DT6 are more tightly packed and display
features that suggest the formation of multilayers in some regions. We emphasize that the individ-
ual identity of each AuNP upon addition of DT6 is preserved indicating that linked AuNPs do not
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coalesce into a larger Au particle. Such a separation among nearest-neighbors (NN) is achieved
by virtue of the steric hindrance that the PEG linker provides. SAXS measurements, discussed be-
low, corroborate the correlated aggregation seen in the TEM and provide more detailed averaged
insight of the aggregation.
(a) (b)
(c) (d)
Figure 4.3. TEM images of dried 10 nm AuNPs mixed with hexa-ethylene-glycol (Au10-DT6) on carbon-coated copper
grids at a molar ratio of Au10:DT6 (a) 1:0 (bare AuNPs), (b), 1:850 (c), 1:8500, and (d) 1:85000. Images are taken for
samples that are mixed for 4 hours. While (a) shows dispersed particles, (b), (c) and, (d) show closely packed particles,
and as the Au10:DT6 increases, darker regions appear indicating multilayer formation.
Figure 4.4(a) and (b) show structure factor patterns as a function of momentum transfer (S(q))
for precipitates of nominal 5 and 10 nm AuNPs that are mixed with DT6 at various ratios of
AuNP:DT6, r. The S(q) is obtained from averaged SAXS data (I(q)) after normalization by the
measured form-factor of AuNP (F (q)); such that S(q) ∝ I(q)/|F (q)|2 (see details on data reduction
in the Supporting Information). The F (q) is determined by fitting SAXS intensity of as-purchased
AuNPs suspensions to a theoretical scattering profile of non-interacting spherical particles with a
Gaussian size-distribution that yields D0 = 6.3 ± 0.9 and 8.9 ± 0.8 nm for the nominal 5 and 10
nm diameter AuNP, respectively. Both Figure 4.4(a) and (b) exhibit clear interference patterns that
indicates a relatively high degree of ordering in the aggregated clusters in the presence of DT6.
Inspection of the interference pattern shows that the lowest order interference peak is superim-
posed with an adjacent peak that shows up as a shoulder or making the lineshape asymmetric.
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Figure 4.4. (a) Structure factor obtained from SAXS data for (a) Au5:DT6 with r = 1 : 100, 1:850, 1:8500, and 1:85000,
and (b) Au10:DT6 with r = 1 : 100, 1:850, 1:8500, and 1:85000. The shift in and narrowing of the primary peak as the
ratio of AuNP to DT6 is changed from 100 to 850 k indicate improved crystallinity with increased DT6. Vertical lines
in both (a) and (b) are calculated positions (and relative intensities) of structure factor peaks for a perfect FCC crystal
assuming lattice constants a = 11.5 and 14 nm, respectively.
The proximity of the two peaks is qualitatively consistent with the preferential formation of FCC
short-range-order (SRO) over the competing HCP with a second distant peak that could be re-
solved in our set-up. Whereas varying the ratio Au5:DT6 (r) gradually affects the intensity it does
not significantly affect the peak position, namely, the lattice constant is robust. For the Au10:DT6,
on the other hand, for r = 100 the peak shifts to larger q and is broadened, indicating a shorter
NN characteristic length scale and inferior crystal quality.
To model the observed structure factors, we base our analysis on a theoretical framework pro-
posed recently.14,42,43 Observed structure factor, S(q) is fit to SMod(q) from Equation 6.2(a) using
the linear least squares method assuming the peaks lineshape are Lorentzian-like. We find that
the FCC lattice is the best match for the observed structure factor as shown in Figure 4.10(b). The
fitted curves reasonably match the observed structure factor, especially the primary peak which
in the model appears as a superposition of (111) and (200) FCC peaks. Results of the fit model are
presented in Table 6.3 and Figure 4.10(b). Values obtained for σd (related to the Lindemann ratio,
see definition below and in the SI) from the fitting match well with those reported in the literature
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for similar systems.44 The average lattice constants for Au5:DT6 and Au10:DT6 are a ≈ 11.5 and
≈ 14 nm, respectively, with corresponding NN distances for FCC structure Dn = a/
√
2 ≈ 8 and
≈ 10 nm. Since Dn < Lcontur + D0, where Lcontur ≈ 2.3 nm is the contour length of DT6, we
propose that the linking of two neighboring particles is achieved primarily by dithiols that are
residing away from the line that connects the center of NN AuNPs and with insignificant indirect
bridges of two diothiols that form disulfide bonds (see Figure 4.9). Similar arguments hold for the
other systems namely Au5:DT4, Au5:DT6, and Au10:DT4. This argument is based on the assump-
tion that the short dithiols DT6 and DT4 are relatively rigid. Based on the extracted linewidths
we estimate that the average FCC aggregate consists of nearly 500 NPs per crystallite. We also
employ a second model where the peak positions of the lattice are maintained but the intensities
of the FCC are allowed to vary slightly from their calculated structure factor to account for poor
crystallinity.





































Figure 4.5. Structure factor curves obtained for (a) Au5:DT4, Au5:DT6, Au5:DT12, and Au5:DT21, and (b) Au10:DT4,
Au10:DT6, Au10:DT12, and Au10:DT21, both at r = 8500. The data is binned on a logarithmic scale for better pre-
sentation preserving results integrity. The first peak in S(q) shifts to lower q values by increasing dithiol linker length
indicating increase in inter-particle distance in the assemblies.
To examine the role of dithiol linker length on crystal quality, we examine a few unique dithi-
ols varying in PEG lengths as they are mixed with AuNPs. While samples with DT4 and DT6 lead
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to quantitative precipitation of nanoparticles, those with DT12 and DT21 showed only a change
in color, from dark red to pale pink, indicating nanoparticle aggregation. Even two weeks after
sample preparation, we do not observe precipitates in these samples. Figure 4.5 shows the struc-
ture factor (S(q)) obtained for the precipitates of Au10:DT4, Au10:DT6, Au10:DT12, Au10:DT21,
(b) Au5:DT4, Au5:DT6, Au5:DT12 and Au5:DT21 at a fixed r = 8500. Whereas DT4 and DT6 show
clear and prominent diffraction signals, DT12 and DT24 exhibit much weaker and broader signals.
In fact, for both 5 and 10 nm linked particles DT6 seems to yield the better crystalline structure.
Figure 4.6 shows the nearest-neighbor (NN) distance (Dn) calculated from the position of the first
peak in the structure factor (assuming an FCC lattice) as a function of the contour length of dithiol
(i.e., stretched length) indicating a linear relationship at small values of contour lengths that de-
viates significantly at longer lengths. As we show below, there are some geometrical constraints
imposed on the system when considering NP size and linker length that limit how crystallinity
can be achieved through self-assembly.
4.3.2 Geometrical and stability considerations
Below we examine crosslinking assembly conditions that reinforce ordered rather than amor-
phous states. We specifically focus on two main sources for increased disorder that work against
superlattice formation: 1. A broad or random distribution of binding dithiol sites between neigh-
boring NPs and 2. The effect of defects (i.e., missing or misplaced particles on a lattice) due to
weak or insufficient number of dithiol bonds on the stability of an ordered state. The first source
has to do with random linking NPs such that NN distances are broadly distributed, resulting in
an amorphous state, as is typical of glasses. In the limit of long linkers, dithiols no longer work as
tethers and the system would exhibit fluid properties. We note that the dithiol bridges are flexible
(especially with longer PEGs) implying that there is some leverage on the location of the bind-
ing sites. The second source for disorder pertains to the overall stability of an ordered crystal as
more and more symmetry sites become unoccupied. In an FCC lattice, for example, although each
NP has twelve NNs, we expect that the assembly can be stable even when all the NNs are not
connected. We address these two issues in turn.
74
(a) (b)
Figure 4.6. (a) Geometric considerations in AuNP assembly with dithiols. D0, Dn, and L are AuNP diameter, NN
distance, and dithiol linker length, respectively. All binding sites must be contained within the conical volume de-
fined by θFCC to obtain a stable FCC lattice. (b) Variation of dimensionless nearest neighbor distance (τ ) versus the
dimensionless contour length of dithiol (λ) for 5 and 10 nm AuNPs as indicated in the Figure. Data points outlined
by empty circles represent the experimental conditions for which precipitation of AuNPs is not observed. Solid lines,
corresponding to θ = 0 and θ = θFCC , impose restrictions on the allowed values for τ for a given λ as determined by
the geometric considerations discussed in the text. Dotted and dashed (magenta and orange) curves are predictions
from OPM for ξ = 0 and ξ = 1, respectively. Shaded region (blue) is the overlap of the predictions from OPM and the
geometrical constraints is the identified phase space to obtain FCC NPs crystals.
To correlate AuNP NN distance with the dithiol length, we consider simple geometrical re-
quirements for the assembly as depicted in Figure 4.6(a). We assume that NPs are bridged by a
bundle of dithiols coaxial to the line joining the NP centers and consider one of these bridges rep-
resented by a general straight line (colored green). The dithiol ligand can bridge two NPs along a
straight line that connects the center of two NPs or it can be at a position corresponding to θ, the
subtended angle. To satisfy the first condition for the formation of superlattice, that of the narrow
distribution of binding sites, θ should be within the range from 0 to θmax. θmax for different crys-
tal lattices can be determined by using the solid angle based nearest neighbor method (SANN) ,





For a perfect FCC crystal, this equation yields an angle of θmax = θFCC = 33.55°where as for a
perfect BCC crystal it is θmax = θBCC = 41.41°. θFCC (see Figure 4.6(a)), is the semi–apex angle that
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defines the cone associated with each NN in the FCC lattice. Assuming that the dithiol molecule
is completely stretched so that the length of the dithiol bridge is equal to the contour length of
dithiol, we obtain bounds for the nearest neighbor distance in an FCC lattice as follows







Experimentally obtained τ and λ for different lengths of dithiols is plotted in Fig.4.6(b) for 5 and
10 nm nanoparticles along with the bounds using Equation 4.2. As seen from this figure, DNN for
DT12 and DT21 (λ > 0.5 in this study) appears outside the bounds, consistent with our observa-
tion that these two systems behave substantially different from the other two (with DT4 and DT6)
displaying weak inter-particle correlations (fig. 4.11). In addition to these geometrical constraints,
more detailed models such as, OPM,46 OCM47 and OTM48,49 can provide upper and lower bounds
to the NN distances. Here we consider the OPM and OCM as follows,
τOPM = (1 + 3λξ)
1
3 , (4.3)










where the parameter ξ = A0A is a relative measure of grafting density,A0 is the smallest possible
molecular area, and A is the actual molecular area. Using the aforementioned models, we can
predict where we would expect to find ordered structures experimentally. First, we note that
geometrical considerations restrict the phase diagram into a narrow strip. We can then add the
bounds given by the OPM and OCM models and the phase diagram is now restricted to a small
region that satisfies both the geometry and the nanoparticle interaction models. In Figure 4.6,
we shade the entire expected region predicted in this way, considering the full range of ξ as the
grafting density of this system is yet unknown. We clearly predict the experimental results, where
ordered structures fall in or near the prediction and experimental cases that did not result in order
are far from our prediction.
Having shown that the distribution of dithiol binding sites is sufficiently narrow, we now pro-
ceed to analyze the stability of the lattice as a function of number connected NNs and chain length.
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Here, we present MD simulations (see simulation methods for details) where we start with a per-
fect FCC lattice of NPs, each tethered to its NN by a flexible, coarse grained polymer chain. We
analyze the effect of dithiol–lengths and the number of connected NNs on the mean squared dis-
placement (MSD; 〈∆r2〉) of a particle center of mass from its ideal position in the lattice.50 and




. We note that for fL ≥ 0.13 the lattice becomes dis-
ordered in a liquid-like state.51 We define the average number of connected NNs per nanoparticle
to be 2k. In a fully connected FCC lattice k = 6 as there are 12 NNs per lattice point. From the
plots for fL versus k from the MD simulations (Figure 4.7) it can be observed that kcritical at which
fL = 0.13 is ∼2.5 meaning that on an average nanoparticles should be connected to at least 5
NNs to induce lattice stability. Further, as shown in the inlaid plot in Figure.4.7, fL increases with
the tether length (number of monomers) indicating decreasing crystal quality with longer tethers.
Snapshots from these MD simulations are presented in Figure 4.12, and 4.13 in the SI.
In our analysis we assume the NPs to be perfect spheres which is a reasonable approximation
considering SAXS and TEM results of the bare NPs and also geometrical packing of Au atoms into
large clusters (D ≥ 4 nm) appear more spherical.52 For non-spherical particles (such as, smaller
gold clusters) there necessarily exists a regime where NP geometry affects the equilibrium struc-
ture, particularly at low values of the parameter λ. Specifically, we expect that as the NP becomes
less spherical, the number of geometrically allowed bridges in the network can vary. This is cer-
tainly an issue that requires further investigation, but we expect that the effect of NP geometry in
our system is small for the values of λ studied.49 Furthermore, because our results indicate robust
lattice stability with decreasing connection number, these effects are insignificant for sufficiently
spherical NPs.
4.4 Conclusions
Using a slew of experimental techniques, geometrical considerations and MD simulations, we
explore routes to improve crystal quality of crossed-linked AuNPs with dithiol oligo-ethyleneglycol
linkers. SAXS experiments of the crosslinked AuNPs precipitates in aqueous suspensions show







Figure 4.7. Variation of the Lindemann ratio (fL), obtained from the results of MD simulations, with k (defined in text).
For k <∼ 2.5, for which fL > 0.13, the system is in a liquid-like state. The inset plot shows the variation of fL with the
number of monomers in the tether which is proportional to the stretched length of the tether.
ter modeled in FCC symmetry, albeit short-ranged-order. The characteristic length scale between
nearest neighbors in the aggregates is found to increase with the length of the dithiol linker and
hence offer tunable control in inter-particle distances. Based on experimental results, geometrical
considerations and numerical simulations, we identify a narrow region in the parameter space of
dithiol linker-length and particle diameter that favors superstructure formation. Narrowing the
phase space that allows crystallization enables future research to be focused on exploring other
parameters that can improve crystal quality and process robustness. These can include varying
linker chemical composition, medium and medium conditions such as, thermal annealing, pH
and added solutes that can potentially lead to superior and more robust crystals. For instance,
with the use of aromatic conducting crosslinkers, such superlattices can exhibit unique plasmonic
properties suitable for photonics and metamaterials.
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4.6 Supporting Information
4.6.1 Complementary experiments
Dynamic light scattering (DLS) experiments (uisng with Zetasizer Nano at a wavelength of
633 nm and forward scattering angle of 90 were conducted 4 hours after mixing gold nanopar-
ticles with various dithiols. Aggregates with DT6 showed quantitative precipitation after 2 days
whereas DT12 did not induce quantitative precipitation of the nanoparticles. With DT6 and DT12
there are larger aggregates formed with hydrodynamic size centered at ∼ 400 nm, as shown in
Fig. 4.8. We note that the aggregate-size for DT6 is larger than the estimated crystal size from
SAXS measurements. Aggregates with DT21 formed only small aggregates with hydrodynamic
size ∼ 25 nm and in fact this value did not change significantly even after 2 days indicating oligo-
merization. This is consistent with inter-particle correlation length (20 nm)for DT21 extracted from
SAXS.
X-ray photoelectron spectroscopy (XPS) surface analysis was performed with a PHI 5500 spec-
trometer using Al-Kα1 radiation with a 45 electron collection angle, corresponding to the maxi-
mal penetration depth of about 10 nm. Au4f7/2 peak (84 eV) was used to calibrate the data and
CasaXPS was used for fitting the models. The precipitates were collected and analyzed with XPS
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to study the nature of chemical bonds (Fig. 4.8(b)). S2p region showed two components: a S-Au
component centered at 162.5 eV and S-C component centered at 164 eV. Since -C-S-S-C- and -C-S-
H have similar bond energies it is difficult to ascertain the presence or absence of disulfide bridges
in the precipitates.
In addition to direct crosslinking AuNPs by dithiol, there exists another linking route where a
bound dithiol to a AuNP forms a disulfide bridge with a similar dithiol that is bound to a neigh-
boring AuNP (see schematic Figure 4.9(a) and 4.9(b)). However, as we argue below such indirect
bridging is less plausible, in particular for the short chains dithiols. Indeed, the obtained NN
distances for DT4 and DT6 are too short to be rationalized with indirect disulfide bridging, as dis-
cussed in the manuscript. Furthermore, the disulfide bridges are energetically weaker compared
to the Au-thiol bond. Also, the cross section for a bound dithiol impinging on to another dithiol is
much smaller than compared to a bare surface of a AuNP even after the binding of a few dithiols
on it. We note that XPS results of these samples could not distinguish between these mechanisms













Figure 4.8. (a) Dynamic light scattering from gold nanoparticle aggregates upon addition of DT6, after 4 hours. (b) XPS
results obtained with AuNP-DT6 aggregates spread on a a silicon waffer substrate. There are two components in the
S2p region of the spectrum corresponding to Au-S and -C-S bonds. We note that the peaks from C-S-S-C and C-S-H
bonds cannot be resolved with our apparatus.
80
S S S S S S
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Figure 4.9. (a) NPs crosslinked directly by a dithiol molecule, (b) NPs crosslinked by two dithiols via a disulfide bridge.
In this study, primarily for DT4 and DT6, direct crosslinking is expected to be prevalent as explained in the manuscript
and the SI text, as depicted in (c). For a given Dn and D0, θ is limited by the geometrical constraints as explained in the
main text.
4.6.2 SAXS data reduction and fitting
The precipitates and aggregates are analyzed in their native environment by standard reduc-
tion of SAXS data as plotted in Figure 4.10(a). We recall that the scattering intensity (I(q)) is given
by I(q) = A|F (q)|2S(q), where I(q) is the observed intensity after standard data reduction (from
2D area image to 1D curve and background subtraction), A is a scaling constant that depends
on the number of particles, |F (q)| is the form factor of the NPs and S(q) is the experimentally
observed structure factor. A representative figure showing the SAXS intensity profile after back-
ground subtraction is shown in Fig. 4.10(a), along with the form factor.
(a) (b)
Figure 4.10. (a) SAXS intensity from AuNP-dithiol assemblies at r = 8500 for Au10:DT4, and the average form factor
(solid line in red) based on AuNPs size distribution. (b) S(q) obtained from (a) including two fit-models as described
in the text.
81





































Figure 4.11. Structure factor curves for (a) Au10:DT12, Au10:DT21, (b) Au5:DT12 and Au5:DT21 at r = 8500. The data
has been binned on a logarithmic scale in q for better presentation. Due to the relatively large error bars at high q, only
primary peak has been considered to draw inferences on the structure of the assemblies. Unlike the structure factors
for DT4 and DT6 systems, these do not show much semblance to FCC lattice structure factors.




S(q : qhkl) (4.5a)
S(q : qhkl) = 1 +G(qhkl) [β(q)Z0(qhkl)L(q : qhkl, σ)− 1] (4.5b)





G(q) = exp (−σ2DD2nq2hkl) (4.5e)










In this model,A0 is a constant, free parameter; β(q) corrects for particle size polydispersity and
orientational disorders;43 G(qhkl) is the Debye Waller factor that allows for translational disorders
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in the lattice;42,43 σD is related to the Lindemann ratio as fL =
√
(3)σD Z0(qhkl) is the structure fac-
tor for an ideal crystal; L(q : qhkl is the shape function (we use Lorentzian shape function) arising
due to the finite size of the crystals; and Dn is the nearest neighbor distance. For model simplicity
we have assumed the polydispersity of nanoparticle size to have no effect on the structure factor
(β(q) = 1). Crystallite sizes (CFCC) were calculated using the Scherrer equation (Eq.6.3). Results
from this model are tabulated in Table 6.3 and a representative fit is shown in Figure 4.10(b). Near-





Since SAXS results from DT12 and DT21 systems could not be fit to scattering from any standard
lattice, the first peak in S(q) was used as q111.




S(q : qhkl) (4.7a)
S(q : qhkl) = hhkl ∗ N (q : qhkl, σhkl) (4.7b)
σhkl = σ111(1 + α(q111 − qhkl)) (4.7c)
This model relaxes the constraints on relative peak intensities which are fixed by the peak
multiplicities, the Lorentz factor and the Debye-Waller factor in model 1. Due to this relaxation
of constraints, this model shows a better fit to the experimentally observed scattering. hhkl is the
relative peak height for the peak corresponding to {hkl} reflections. Peak width (σhkl) is allowed
to increase linearly with qhkl as a first order approximation.
4.6.3 Contour length of dithiols
In order to relate the geometrical quantities to the properties of the dithiol chains, we need to
compute their maximum extended (all trans) length, sometimes called the contour length Lcontour.
We use the results from our previous papers 18,19 and simulations49 and derive Equation 4.8 and
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Table 4.1. Lattice constant, nearest neighbor distance Dn,FCC , crystallite size CFCC , and Debye-Waller factor σd ob-
tained from structure factor fit to assuming FCC superlattice (model 1).
AuX:DTY (1:r) Lattice constant (Å) Dn,FCC (Å) CFCC (Å) σd
Au5:DT4 (1:100) 105.0 74.3 549 0.03
Au5:DT4 (1:400) 106.2 75.1 545 0.032
Au5:DT4 (1:850) 107.2 75.8 553 0.032
Au5:DT4 (1:8500) 110.7 78.3 546 0.031
Au5:DT6 (1:100) 114.3 80.8 586 0.019
Au5:DT6 (1:400) 115.8 81.9 806 0.038
Au5:DT6 (1:850) 116.4 82.3 806 0.037
Au5:DT6 (1:8500) 118.8 84.0 814 0.036
Au10:DT4 (1:400) 128.8 91.1 616 0.019
Au10:DT4 (1:850) 130.7 92.4 640 0.021
Au10:DT4 (1:8500) 130.7 92.4 616 0.021
Au10:DT6 (1:100) 131.6 93.1 541 0.026
Au10:DT6 (1:850) 141.1 99.8 767 0.027
Au10:DT6 (1:8500) 140.1 99.0 732 0.027
Au10:DT6 (1:85000) 140.4 99.3 728 0.027
Table 4.2. Relevant values that describe the backbone length of the dithiol chain.
l(nm) θ
C - O 0.143 68°
C - C 0.153 68°
S - C 0.182 unrestricted
its accompanying table (Table 4.2)
Lcontour = LPEG + Lends














In this work, n = 2, 4, 10, 19 corresponding to DT4, DT6, DT12 and DT21, respectively.
4.6.4 MD simulations for lattice stability
Snapshots from MD simulations illustrate the results of Fig. 4.7 from the main text. Overall
lattice quality relies heavily on the connectedness of the lattice, as is evident in Fig. 4.12. Due
to the random distribution of bridges in the lattice, we see regions of high relative order and
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(a) 6N Connected Lattice (b) 1N Connected Lattice
Figure 4.12. Snapshot from MD simulations illustrating lattice quality is noticeably worsened as the number of con-
nected NNs decreases. (a) FCC structure is retained for 6N connections, but (b) is dissolved at 1N connections. Our
results show in Fig. 4.7 that at 5 connected nearest neighbors (k ≈ 2.5) are necessary to stabilize the FCC lattice.
connectivity (Fig. 4.13(a)), as well as local regions where relative connectivity is low and local
order is not present (Fig. 4.13(b)).
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(a) 7-Connected NP (b) 2-Connected NP
Figure 4.13. Snapshot of MD simulations for 2N connected lattice where the examined particle is shown in blue and
is connected particles in yellow and other non-connected particles in transparent gray. (a) Local order emerges due to
clusters of higher order bridging, created by the random selection of bridges. (b) This order dissolves as connection
number decreases to allow particle diffusion about the lattice.
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CHAPTER 5. EFFECT OF (POLY)ELECTROLYTES ON THE INTERFACIAL
ASSEMBLY OF PEG FUNCTIONALIZED GOLD NANOPARTICLES
A paper submitted to the Journal Langmuir
Srikanth Nayak, Max Fieg, Wenjie Wang, Wei Bu, Surya Mallapragada, and David Vaknin 1
Abstract
We report on the effect of interpolymer complexes (IPCs) of poly(acrylic acid) (PAA) with
poly(ethylene glycol) functionalized Au nanoparticles (PEG-AuNPs) as they assemble at the vapor-
liquid interface, using surface sensitive synchrotron X-ray scattering techniques. Depending on
the suspension pH, PAA functions both as a weak polyelectrolyte and a hydrogen bond donor,
and these two roles affect the interfacial assembly of PEG-AuNPs differently. Above its isoelectric
point, we find that PAA leads to the formation of a PEG-AuNPs monolayer at the interface with
hexagonal structure. In the presence of high concentration of HCl (i.e., below the isoelectric point),
at which PAA forms IPCs with PEG, the hexagonal structure at the interface appears to deterio-
rate, concurrent with aggregation in the bulk. Thus, while electrolytic behavior of PAA induces
interfacial assembly, hydrogen bonding behavior, as PAA becomes neutral, favors the formation
of 3D assemblies. For comparison, we also report on the formation of PEG-AuNPs monolayers (in
the absence of PAA) with strong electrolytes such as HCl, H2SO4 and NaOH that lead to a high
degree of crystallinity.
5.1 Introduction
Arrays of nanoparticles (NPs) with long range order in two and three dimensions, referred
to as NP superlattices, can be self-assembled from colloidal suspensions of NPs. Such NP su-
perlattices are of significant research interest due to their potential applications in fields such as
1Author for correspondence
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plasmonics, sensing, catalysis etc.1–3 Interfacial assembly of NPs is of particular interest by virtue
of its relevance to biological systems and its applications in device fabrication.4 Earliest examples
of NP superlattice formation have been demonstrated with evaporation induced assembly of NPs
at the solid-air interface.5 Similar strategy has later been extended to air-liquid interface by spread-
ing a NP suspension on an immiscible liquid surface to obtain a monolayer of two-dimensional
(2D) superlattice.6 Charged Langmuir monolayers have been used as templates for the formation
of stimuli-responsive assemblies of DNA-functionalized NPs.7–9
Nanoparticles functionalized with various polymers such as single stranded DNA (ssDNA),10,11
poly(ethylene glycol) (PEG),12–15 and poly(N-isopropylacrylamide) (PNIPAM)16 have been shown
to form salt responsive Gibbs monolayer assemblies with high degree of two-dimensional (2D)
crystallinity at the vapor-liquid interface. Charge neutralization and the hydrophobicity of the
alkyl thiol linker were hypothesized to be the driving factors for the salt-responsive assembly
of ssDNA functionalized AuNPs.11 When the ssDNA have "sticky ends" that can hybridize, the
apparent order at the interface worsens and aggregation is observed in bulk.11 In the case of PEG-
AuNPs, the addition of ions causes decrease in solvent quality for the polymers leading to phase
separation and nanoparticle self-assembly, where the specific effect of ions follows the Hofmeister
series.12,14 Similarly, PNIPAM-AuNPs also show salt responsive 2D assembly due to lowering of
lower critical solution temperature (LCST) of PNIPAM by salt. In all the above cases, a hexag-
onal packing at the interface is observed at appropriate salt concentrations. In contrast, AuNPs
functionalized with alkyl thiol terminated poly(acrylic acid) (PAA) form a dense monolayer at
vapor-liquid interface with 1D chain-like order upon lowering the pH, driven by inter-particle
hydrogen bonds.17 Thus, there are apparent differences in the formation of assemblies mediated
by ions and hydrogen bonds. The basic mechanism of formation of these assemblies needs to be
understood so that the crystal symmetry can be controlled for specific applications.
One phenomenon where both ionic and hydrogen bonding interactions play a role is the for-
mation of interpolymer complexes (IPCs). IPCs are formed when two distinct polymers inter-
act with each other along their respective chains via non-covalent interactions such as hydrogen
bonds. Formation of hydrogen bonded IPCs has been shown with a variety of polymers, most
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commonly with a poly(acid) such as PAA and a poly(base) such as PEG.18,19 Since the formation
of stable hydrogen bonds requires the poly(acid) to be protonated, there exists a critical pH above
which the IPCs dissociate. Here, we explore the effect of formation of IPCs at low and high PAA
concentrations on the interfacial assembly of PEG-AuNPs using liquid surface X-ray scattering
(schematic shown in Fig. 6.1).
To unravel the effect of interpolymer complexation on the 2D assembly of PEG-AuNPs in the
presence of PAA we also study the effect of HCl alone on PEG-AuNPs assembly as a control sys-
tem. Previous studies have already established that electrolytes such as NaCl cause 2D interfacial
assembly, but the specific ion effects are not yet understood.14 Anions have a pronounced effect on
the inter-particle distances in the assemblies compared to the cations. Distribution of ions in these
monolayers is still an outstanding question. In the case of assemblies obtained with Cs2SO4, an
interfacial depletion of the cation Cs+ has been reported.13 This makes the effect of strong acids on
the assembly particularly interesting as the hydronium ions are expected to preferentially adsorb
at the air-water interface.20,21 This anomalous behavior of hydronium ions has been hypothesized
to be the cause of decrease in interfacial tension in the presence of high concentration of strong
acids, which is in contrast to the increase in interfacial tension in the presence of salts. So, to ex-
plore the effects of different ions on the interfacial assembly of PEG-AuNPs, we used NaCl, PAA
(by itself and with HCl), HCl, H2SO4 and NaOH at different concentrations. Remarkably, we
find that all the electrolytes lead to interfacial assembly of a monolayer of PEG-AuNPs, where the
strong electrolytes lead to better crystallinity compared to PAA.
5.2 Materials and Methods
Reagents and Materials
Citrate stabilized gold nanoparticles with 10 nm nominal diameter (referred to as AuNP) were
purchased from Ted Pella Inc. Poly(ethylene glycol) methyl ether thiol of average molecular
weight (Mn) of ∼ 2000Da and Poly(acrylic acid) of Mn ∼ 2000Da (referred to as PEG2k and
PAA2k, respectively) were purchased from Sigma Aldrich. Poly(ethylene glycol) methyl ether
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thiol of Mn ∼ 5000Da (referred to as PEG5k) was purchased from CreativePEGWorks Inc. All the
chemicals were used as obtained from the manufacturer, without any purification.
Poly(ethylene glycol) functionalized AuNPs (referred to as PEG2k-AuNP or PEG5k-AuNP)
were prepared by a simple ligand exchange. AuNPs and aqueous solutions of PEG2k or PEG5k
were mixed at a molar ratio of 1:25000, under roto-shaking for 2 days. The solution was then puri-
fied by centrifuging the mixture for 1.5 hours, over 4 cycles to remove unbound PEG and the PEG-
AuNPs were redispersed in millipore water. Concentration of PEG-AuNPs was estimated from
the extinction value of the suspension at 520 nm, using UV-vis absorption spectra (Molecular De-
vices SpectraMax). Hydrodynamic sizes of the NPs were measured by Dynamic Light Scattering
(Malvern Zetasizer Nano-ZS90 (HeNe laser, wavelength =633 nm, 90o scattering angle).
Experimental Setup
Grazing incidence - small angle X-ray scattering (GI-SAXS) and specular X-ray reflectivity
(XRR) measurements were taken at Argonne National Laboratory on beamline 15 ID-C at APS
using liquid surface x-ray scattering with X-ray energy, E = 10 keV, and λ = 1.24Å. We used a set-
up described elsewhere.16 Briefly, 1.5 mL of ∼ 14nM PEG-AuNPs were spread on a stainless steel
trough (approximate dimensions 20 × 100 × 0.3 mm3) and the trough was placed in an air-tight
chamber that is continuously flushed with water-saturated Helium. To observe the interfacial be-
havior of PEG-AuNPs upon addition of various electrolytes (HCl, H2SO4, PAA2k etc., and water
for control) appropriate amounts of aqueous solutions of electrolytes were added to the trough
and mixed well. GI-SAXS and XRR data were measured and analyzed as described earlier.16 Note
that all GI-SAXS graphs are displayed as an integration across the area detector (Pilatus 100K)
from a Qz range of [0.02 : 0.1]Å
−1
. All the measurements were conducted at room temperature.
5.3 Results and Discussion
To ensure colloidal stability of PEG-AuNPs that are synthesized by ligand exchange method,
we use dynamic light scattering (DLS). As expected, the hydrodynamic size of the particles in-
creases with molecular weight of the PEG used in this study, as shown in Figure 5.10. For the
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Electrolytes 








He + satd. water
Figure 5.1. Schematic of the experimental set-up. A suspension of PEG-AuNPs is contained in a trough that is placed in
a chamber flushed with water saturated helium gas. Electrolytes, such as HCl, are added to the suspension and mixed
thoroughly. X-rays are incident on the vapor-liquid surface and the scattered rays (in terms of scattering vector, Q) are
collected in X-ray reflectivity (XRR) and grazing incidence small angle X-ray scattering (GI-SAXS) modes to provide
the interfacial structural information.
x-ray measurements, the NP suspensions are placed in a trough which is enclosed in an air-tight
chamber that is constantly flushed with water-saturated helium.
5.3.1 Effect of electrolytes
First, we focus on the effect of strong electrolytes (NaCl, HCl, H2SO4 and NaOH) on the as-
sembly of PEG5k-AuNPs and PEG2k-AuNPs. It has been shown that assembly and crystallization
occurs in the presence of ions at neutral and basic conditions,14 and here we further explore the
effect of acids. The concentration of electrolytes is raised sequentially by additions of concentrated
aqueous solutions to the same sample. At each addition (sample condition) the sample is let to
equilibrate for ∼ 30 minutes, and then GI-SAXS and XRR are measured.
Figure 5.2 (a) shows 2D (Qxy,Qz) GI-SAXS patterns of PEG-AuNPs in the presence of HCl,
demonstrating acids also induce assembly and crystallization of the NPs at the interface, as also
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Figure 5.2. HCl induces the formation of hexagonally ordered monolayers of PEG5k-AuNPs at the air-water
interface. (a) Raw GI-SAXS patterns for PEG5k-AuNPs with increasing HCl concentrations. Intensities are
shown on a logarithmic scale. In the absence of HCl, the GI-SAXS pattern shows the form factor, indicating
presence of PEG5k-AuNPs at the interface in a dispersed state. At 0.1 mM of HCl the GI-SAXS pattern
shows a broad peak at ∼ 0.012Å−1 along with diffuse scattering, indicating the emergence of correlations
among nanoparticles at the interface. At 1 and 10 mM of HCl, there are clear diffraction rods from the 2D





At 1 and 10 mM of HCl, diffraction peaks can be indexed to hexagonal structure with aL ' 33.5 nm. The
plots are vertically shifted for clarity. (c) Normalized X-ray reflectivities show the evolution of surface-
normal structure with increasing HCl concentration. (d) Electron density fits obtained from box model
corresponding to the normalized reflectivities observed in (c). Best fits for reflectivities are shown as solid
lines in (c).
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factor-like feature that can be associated with PEG5k-AuNPs, indicating that some of the grafted
NPs spontaneously populate the interface without any inter-particle correlations. The correspond-
ing XRR shows some modest oscillations (Fig. 5.2c). This is likely due to the the weak amphiphilic
property of PEG chains in water. At 0.1 mM the GISAXS pattern shows two broad peaks at
∼ 0.012Å−1 and ∼ 0.025Å−1 consistent with the emergence of developing correlations among
the PEG-AuNPs. There are prominent oscillations in the XRR and a slight increase in the ED
(Fig. 5.2d) compared to that without HCl, indicating higher tendency for the PEG5k-AuNPs to
populate the interface in the presence of 0.1 mM of HCl. At and above 1 mM of HCl, crystalline
assemblies of PEG5k-AuNPs form at the vapor-liquid interface with HCl (Fig. 5.2) similar to those
obtained with NaCl (Fig. 5.11). Sharp diffraction peaks are observed in the GI-SAXS results, and






7... (where Q1xy is the primary peak position
corresponding to (1 0) two-dimensional (2D) Bragg reflection, and i indexes the diffraction peaks
with i = 1, 2, 3, 4..) show the formation of hexagonal structure (Fig. 5.2a and 5.2b). Peak positions,
and widths are obtained by a Lorentz shape function fit to each diffraction peak. For example, at
10 mM HCl we obtain a lattice constant, aL ' 33.5 nm, and a full-width at half maximum (FWHM)
of the primary peak is ' 0.0015Å−1 corresponding to an average crystal size of 2piFWHM ∼ 400 nm.
Strong oscillations in the XRR profile and the extracted electron density (ED) profile for PEG5k-
AuNP in the presence of 1 mM HCl show the formation of monolayer at the interface (Fig. 5.2c
and 5.2d). The extent of population of the interface by PEG-AuNPs can be qualitatively gauged
by the height of the ED profile. Maximum electron density of the 2D assembly is ∼ 0.55e/Å3 (Fig.
5.2d), whereas the electron density of bulk water and gold are ∼ 0.33e/Å3 and ∼ 4.67e/Å3, re-
spectively. XRR and the fit ED profile show that the assembly is approximately one nanoparticle
thick (Fig. 5.2c, and 5.2d). There is no significant change in XRR when the HCl concentration is
increased from 1 mM to 10 mM showing saturation of the monolayer at the interface at ∼ 1 mM
HCl.
Similar trends are obtained using H2SO4 instead of HCl while maintaining same pH (Fig.
5.12 a-c). Parameters concerning GI-SAXS peak shapes and ED profiles can be found in Table. 5.1.
While the pH of the corresponding samples with HCl and H2SO4 at similar values, the ionic nature
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of each solution is markedly different (Cl− compared to SO42−). This change in ionic environment
has no appreciable difference on the accumulation of particles at the surface, nor on the formation
of the 2D superlattice, except for small differences in lattice constant.
For comparison, we also examine the effect of adding a strong base to the suspension. Interest-
ingly, while 1 mM of HCl induces the formation of highly crystalline hexagonal structure, 1 mM
NaOH induces only short range order (Fig. 5.12d). Further concentration increase of NaOH to
10 mM improves significantly the crystallinity. The surface accumulation of PEG5k-AuNPs at 10
mM of NaOH is comparable in magnitude (ρmax ≈ 0.58 e/Å3) to the same in acidic environment.
Results from GI-SAXS and XRR for PEG5k-AuNPs with the strong electrolytes are summarized in
Table 5.1. With all the salts, lattice constant of the assemblies either remains constant or decreases
with increasing salt concentration. The variation of lattice constants for different anions is in cor-
respondence with results reported earlier.14 However, the difference in lattice constants observed





(ρ(z)− ρwater) dz (5.1)
We examine the effect of PEG chain length by conducting similar experiments with PEG2k-
AuNP. Figure 5.3 shows that PEG2k-AuNPs under appropriate electrolyte conditions forms crys-
talline assemblies similar to PEG5k-AuNPs, albeit with a smaller unit cell. GI-SAXS at 1 and 10
mM of HCl show good hexagonal crystallinity and unlike PEG5k-AuNPs, the unit cell can be
controlled by HCl concentration. Based on GI-SAXS, we find that the lattice constant is ∼ 20.2
nm and 19.0 nm at 1 and 10 mM of HCl, respectively. Thus, the lattice constant in the interfa-
cial assembly can be tuned by the length of PEG chains on nanoparticles. XRR and the extracted
ED (Fig. 5.3d) are consistent with the smaller unit cell that lead to much higher EDs than those
observed for PEG5k-AuNPs. Furthermore, the monolayer is brought closer to the surface; this
indicates that the proximity of the monolayer to the surface is directly influenced by the length of
the polymer. More details and comparisons are provided in Table, 5.1 and in Fig. 5.13. For com-
paring the extent of interfacial accumulation of AuNPs, we define electron surface-excess, ρ2D, as
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the integration of ρ(z) across the z direction, after subtracting off the ED of water (Equation 5.1). In
general, ρ2D increases with increasing ion concentration and is higher for PEG2k-AuNPs than that
for PEG5k-AuNPs, consistent with the shorter inter-particle distances in PEG2k-AuNP crystals.
Table 5.1. Summary of GI-SAXS and X-ray reflectivity results for PEG5k-AuNPs and PEG2k-AuNPs with different
electrolytes (PAA, HCl, NaOH and H2SO4). Q1 and FWHM are the position and the full width at half maximum of the
primary peak in GI-SAXS curves. c is the concentration of the electrolyte, Q1 is the position of the primary peak in GI-
SAXS curves, aL is the lattice constant of the hexagonal lattice, aL = 4pi√3Q1 , FWHM is the full-width at half-maximum
of the primary peak in GI-SAXS curves, Q1/FWHM is proportional to the number pf unit cells in a crystallite, and
ρ2D is the electron surface-excess, obtained by integrating the electron density with height according to Equation 5.1.
Values in the parenthesis indicate the error on the last significant digit.





) × 102 (eÅ−2)
PEG5k-AuNP
None 0 - - - - -
NaCl 500 0.0203(1) 35.7(1) 0.10(1) 20(2) 0.54
HCl 0.1 - - - - 4.52
HCl 1 0.0215(1) 33.7(2) 0.10(3) 21(6) 14.03
HCl 10 0.0215(1) 33.7(2) 0.10(2) 23(6) 13.92
H2SO4 0.05 - - - - 4.71
H2SO4 0.5 0.0218(1) 33.3(2) 0.10(2) 30(9) 14.39
H2SO4 5 0.0220(1) 33.0(2) 0.10(2) 18(3) 14.72
NaOH 0.1 - - - - 3.13
NaOH 1 0.0183(1) 39.6(2) 0.30(4) 5(1) 15.78
NaOH 10 0.0198(1) 36.6(2) 0.10(1) 17(2) 17.61
PEG2k-AuNP
None 0 - - - - -
NaCl 500 0.0365(1) 19.8(1) 0.10(1) 37(4) 0.87
HCl 0.1 - - - - 2.70
HCl 1 0.0359(1) 20.2(1) 0.12(1) 32(4) 31.76
HCl 10 0.0382(1) 19.0(1) 0.11(1) 35(4) 37.00
H2SO4 0.05 - - - - -
H2SO4 0.5 0.0345(1) 21.0(1) 0.19(1) 19(1) 28.31
H2SO4 5 0.0368(1) 19.7(1) 0.12(2) 31(4) 35.04
NaOH 0.1 - - - - 3.41
NaOH 1 0.027(4) 26.9(4) 1.3(4) 2(1) 14.25
NaOH 10 0.0352(1) 20.6(1) 0.11(1) 32(3) 30.84
In summary, all the tested electrolytes (strong/weak, acidic/basic/neutral) cause interfacial
assembly of PEG-AuNPs in a concentration dependent fashion, as schematically depicted in Fig-
ure 5.4. The assemblies are formed in the presence of sufficient concentration of ions, irrespective
of the solution pH. Previous studies have hypothesized that the ion induced assembly of PEG-
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No HCl 0.1mM HCl
1mM HCl 10mM HCl
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Figure 5.3. GI-SAXS and X-ray reflectivity results for PEG2k-AuNPs with increasing concentrations of
HCl. Details of the various figures (a)-(d) are similar to those provided for Fig. 5.2. Note that inter-particle
spacing in the lattice decreases for the PEG-2k compared to the PEG-5k shown in Fig 5.2. Also, the electron
density for the PEG2k-AuNPs shown (d) is larger than that for PEG5k-AuNPs as the density of AuNPs is
higher.
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ElectrolytesTop view Side view
Monolayer
Free NPs
Figure 5.4. Schematic representation of the effect of electrolytes on the assembly of PEG-AuNPs at the vapor-liquid
interface and in bulk. In electrolytic conditions, a monolayer of PEG-AuNPs with hexagonal in-plane structure forms
at the interface without particle aggregation in the bulk. This phenomena is observed in the presence of ions despite
the solution pH being acidic, basic or neutral.
AuNPs is driven by the reduction in interfacial tension "experienced" by PEG at the air-water
interface as opposed to that in bulk electrolyte solution.12 Furthermore, it has been demonstrated
that the ion specificity (which follows the Hofmeister series in anions) of the lattice parameters is
correlated with the specific ion effect on the bulk viscosity of electrolyte solutions via the Jones-
Dole viscosity B coefficient (JDC).14 In fact, air-water interfacial adsorption of ions and hence the
interfacial tension have been found to be strongly correlated with JDC.22 Namely, an ion with
positive JDC (kosmotrope) is repelled from the interface and thus leads to increase in interfacial
tension, whereas the increase is positively correlated with the magnitude of JDC. Ions with nega-
tive JDC are found to adsorb to the air-water interface. However, for H+ ions, which adsorb to the
interface, JDC is positive,23 and this correlation between interfacial and bulk properties appears
to break down. Under the assumption that the effect of ions on air-water interface is qualitatively
similar to that on the PEG-water interface, we expect JDC to be well correlated with ion-induced
assembly of PEG-AuNPs. Thus, the formation of 2D assemblies with HCl is particularly interest-
ing as both H+ and Cl− are expected to adsorb to the interface (JDC for Cl− is just below zero,
indicating weak interfacial adsorption) i.e., act as chaotropes and not cause the dehydration of
PEG chains. In fact, the effect of acids on PEG corona is still debated. For example, in the case of
Pluronic block copolymers, which are analogous to spherical NPs with PEG corona, SANS results
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show no significant dehydration of PEG corona ("salting out"), even at high HCl concentrations.24
In addition, DSC and FTIR of the same polymer shows an increase in Critical Micellization Tem-
perature (CMT) with the addition of HCl.24,25 This increase in CMT was attributed to the enhanced
interactions between the ether groups and water,25 and it is consistent with the expected chaotrope
nature of HCl. Our results however indicate the kosmotropic/"salting out" effect of HCl. Other
ions that we studied (Na+, SO2−4 and OH
−) have positive JDC and show behavior consistent with
kosmotropes, having positive JDC ("salting out").
5.3.2 Effect of PAA on PEG-AuNPs
The effect of PAA, a weak polyelectrolyte, on the assembly of PEG-AuNPs is shown in Fig. 7.3
and Table 5.2. At 0.001 mM of PAA, GI-SAXS results shows a broad shoulder at 0.012Å
−1
indicat-
ing weak correlations among the NPs. As the concentration of PAA in the suspension increases,
the in-plane order of PEG5k-AuNPs increases as shown by the appearance of Bragg peaks (Fig.




for 0.01 mM and 0.1
mM of PAA, respectively. The corresponding XRR and ED profiles show the formation of dense
NP monolayer at the interface with increasing PAA concentration in the suspension (Fig. 5.5c and
5.5d). There is significant rearrangement of the NPs at the interface as the PAA concentration is
increased from 0.01mM to 0.1 mM, as evidenced by the interference in the diffraction pattern. At 1
mM of PAA, the interference in the diffraction pattern appears to deteriorate. For 0.1 and 1 mM of
PAA, the GI-SAXS curve is a combination of form factor and structure factor, and the higher order
peaks are not well defined, indicating poor crystallinity. Although PAA can bring nanoparticles
to the surface to a somewhat comparable degree (ρmax ≈ 0.45 e/3) as HCl, the in-plane structure
is not as well ordered (FWHM (1 0) = 0.01Å
−1
). We note that PAA is a weak electrolyte and is
partially ionized in water, leading to a drop in pH of the suspension. At 1 mM of PAA, the pH
is nearly 3, making it similar to 1 mM of HCl in terms of proton concentration. However, the
crystal quality is significantly better with 1 mM of HCl than that with 1 mM of PAA indicating the
adverse effect of polyelectrolytic nature of PAA. Table. 5.2 shows the results from GI-SAXS and
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Figure 5.5. Poly(acrylic acid) (PAA) also induces the formation of a monolayer of PEG-AuNPs at the in-
terface. (a) GI-SAXS pattern show the evolution of 2D structure with increasing PAA concentration. (b)
Line-cuts from (a) - Peaks can be indexed to a 2D hexagonal structure. (c) Oscillations in normalized re-
flectivity (colored markers) show the presence of a layered structure at the interface. Results from fits to a
monolayer structure of PEG-AuNPs is shown as colored solid lines. (d) Electron density fits obtained from
X-ray reflectivity data. The film thickness is commensurate with the core size of PEG-AuNPs.
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whether the JDC concept can be extended to the PAA case. Considering PAA to be a collection of
propionic acid molecules, the interfacial assembly is consistent with the positive JDC of propionic
acid anion.23 Interestingly, in the presence of PAA GI-SAXS results show poorer crystallinity for
PEG2k-AuNPs compared to PEG5k-AuNPs (Fig. 5.14).
Table 5.2. Summary of GI-SAXS and X-ray reflectivity results for PEG5k-AuNPs with PAA. Symbols have the same
meaning as defined in Table. 5.1





) × 102 (eÅ−2)
PEG5k-AuNP
PAA 0.001 - - - - 3.79
PAA 0.01 - - - - 3.86
PAA 0.1 0.0181(1) 40(2) 0.6(1) 2.9(6) 8.30
PAA 1 0.0171(1) 42(3) 0.7(2) 2.3(6) 9.56
PEG2k-AuNP
PAA 0.001 - - - - 3.43
PAA 0.01 - - - - 2.95
PAA 0.1 0.025(2) 29.0(2) 2.1(6) 1.2(3) 10.33
PAA 1 0.0264(3) 28(3) 1.9(6) 1.4(4) 15.81
5.3.2.1 Effect of neutral PAA (inter-polymer complexation)
To test the effect of formation of IPCs via the hydrogen bonds on the 2D assembly of PEG-
AuNPs, we systematically vary the concentration of HCl in the suspension so that PAA is increas-
ingly becoming charge neutral. For each PAA concentration, we add HCl serially to the sample
to obtain different sample conditions (fresh NPs are used for each level of PAA). The results are
shown in Figure 5.6, 5.15, 5.16, and Table 5.3. In all the tested conditions, whenever a crystalline
structure is observed, the lattice is found to be hexagonal and is also one NP thick monolayer. So,
for brevity, we show the variation of fit parameters namely, the lattice constant of the hexagonal
lattice, FWHM from the primary GI-SAXS peak, and ρ2D from ED fits to XRR data in Figure 5.7. As
shown in Figure 5.7a, at all PAA concentrations, the lattice constant is observed to show a decreas-
ing trend with increasing [HCl]. As [HCl] is increased, at a given [PAA], the formation of IPCs is
enhanced due to higher protonation of PAA. In fact, the critical pH below which stable IPCs are
formed is ∼ 3 for PEG-PAA IPCs.26 Further, the formation of IPCs increases the hydrophobic in-
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No HCl 0.1mM HCl
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Figure 5.6. GI-SAXS and X-ray reflectivity results for PEG5k-AuNPs with 1mM PAA and increasing con-
centrations of HCl. Details of (a)-(d) are similar to those provided for Fig. 7.3. Note that the crystallinity
improves with the increase of HCl up to 1 mM and deteriorates for higher HCl concentrations as precipi-
tates are formed after a long incubation time.
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(a) Lattice constant
















































(c) Surface electron density




















Figure 5.7. Parameters obtained from fits to GI-SAXS and X-ray reflectivity data for assemblies of
PEG-AuNPs in the presence of PAA and HCl. (a) Lattice constant (aL = 4pi/
√
3Q1) of the assem-
blies shows a decreasing trend with increasing [HCl] at all [PAA], consistent with the increasing
hydrophobicity of the formed IPCs. (b) Crystal quality of the assemblies as measured by the ratio
of position of the primary GI-SAXS peak to its full width at half maximum (FWHM). This ratio is
proportional to the number of unit cells in a crystallite. In general crystal quality increases with
[HCl] consistent with increasing ion concentration in the suspension. At 1mM of PAA however,
best crystals are formed at 1 mM rather than 10 mM of HCl. (c) Surface electron density (ρ2D)
increases with [HCl], but decreases with increasing [PAA]. In all the three figures error-bars rep-
resent 95% confidence intervals.
teractions27 which could cause contraction of PEG chains on the NPs and hence a decrease in the
lattice constant. In the absence of PAA (blue circles), 0.1 mM of HCl does not show any GI-SAXS
peaks, while there is no significant difference in the lattice constant of the assemblies obtained at
1 and 10 mM of HCl. Formation of 2D assemblies with PAA and 0.1 mM of HCl can be attributed
to the polyelectrolyte behavior of PAA, especially at low [HCl], where in IPC formation is sup-
pressed due to insufficient protonation. At 1 mM of PAA and 10 mM of HCl, the lattice constant is
larger compared to 0.1 mM (or less) PAA and 10 mM of HCl. This is likely due to the incorporation
of more and more PAA into the superlattice via the formation of IPCs.
Crystalline quality of the assemblies can be quantified by the ratio of primary peak position
in GI-SAXS to its FWHM (Q1/FWHM ) as crystal imperfections lead to widening of the peaks.
Figure 5.7b shows the variation of this ratio at different levels of PAA and HCl. At low [PAA]
concentrations the crystal quality increases with [HCl], whereas at high [PAA] concentration, it
decreases above 1 mM of HCl. At 1 mM of PAA, the crystal quality is significantly diminished
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at 10 mM of HCl, although the monolayer is still maintained (Fig. 5.6). We hypothesize that at
low [PAA] the electrolyte induced assembly is the dominating mechanism, whereas at high [PAA]
and high [HCl], IPCs play a significant role in altering the assembly structures. In fact, when the
sample corresponding to 1 mM PAA and 10 mM HCl is collected from the trough and left to stand
for more than two days, aggregation of nanoparticles in the bulk is clearly observed. Electron
surface-excess shows an increasing trend with [HCl] (Fig. 5.7c)and appears to be inversely related
to the corresponding lattice constants, which is consistent with the decreasing NP density at higher
inter-particle spacing.
Table 5.3. Summary of GISAXS and X-ray reflectivity results for PEG5k-AuNPs with PAA and HCl. Symbols have the
same meaning as defined in Table. 5.1.




−1 × 102) (e Å−3)
0 0 - - - -
0 0.1 - - - - -
0 1 0.0215(1) 33.7(2) 0.1 21(6) 14.03
0 10 0.0215(1) 33.7(2) 0.1 23(6) 13.92
0.001 0 - - - - -
0.001 0.1 0.0168(2) 43.2(5) 0.9(3) 2(1) 7.21
0.001 1 0.0216(1) 33.6(2) 0.10(3) 22(7) 13.89
0.001 10 0.0219(1) 33.1(2) 0.10(2) 26(7) 14.78
0.01 0 - - - - -
0.01 0.1 0.0148(2) 49.0(7) 1.6(7) 1.0(4) 6.57
0.01 1 0.0218(1) 33.2(2) 0.05(3) 40(28) 14.83
0.01 10 0.0226(1) 32.1(1) 0.07(1) 30(7) 16.09
0.1 0 - - - - -
0.1 0.1 0.0193(1) 37.6(1) 0.18(1) 11(1) 12.38
0.1 1 0.0208(2) 34.9(3) 0.16(4) 13(3) 13.06
0.1 10 0.0225(1) 32.2(1) 0.11(2) 21(5) 16.94
1 0 - - - - -
1 0.1 0.0173(2) 41.9(5) 0.5(2) 3(1) 8.83
1 1 0.0201(1) 36.1(2) 0.29(3) 7(1) 12.65
1 10 0.0213(2) 34.1(3) 1.1(2) 2(1) 14.64
In order to study the effect of molecular weight of PAA, we examine the formation of assem-
blies with PAA of Mn ∼ 100 kDa at 20µM, which has the same monomer concentration as 1mM of
2kDa PAA. Firstly, PAA100kDa in the absence of HCl does not lead to any ordered assembly at the
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interface (Fig. 5.17). Further, PAA100kDa suppresses the lateral ordering of PEG5k-AuNPs in the
presence of 1 and 10 mM HCl. XRR results and the corresponding ED fits show that addition of
HCl to PEG5k-AuNPs in the presence of PAA100kDa does not lead to population of the interface
by the NPs until [HCl] is 10 mM. At 10mM of HCl and 20 µM PAA100kDa the maxima of the ED
is slightly lower compared to the corresponding value for 10 mM HCl alone, and 10 mM HCl and
1mM PAA2kDa. These results show that longer PAA lengths have an adverse effect on both the
formation of the monolayer and the 2D order in the formed monolayers. IPCs are formed more
readily with longer polymers, and the critical pH required for the formation of the assemblies
increases with increasing molecular weight of the polymers.19,26
In summary, conditions that favor the formation of IPCs (high concentrations of HCl and PAA)
cause compaction of the 2D lattice with apparent deterioration in crystal quality and slow aggre-
gation in bulk as depicted in Figure. 5.8. We propose that at low [HCl], the mixture of PAA and
HCl mainly show electrolytic behavior and hence electrolyte induced assembly is observed. This
explains the improvement in crystal quality obtained at 1 mM of HCl. At high [HCl] however,
the IPC formation is favored as the PAA is mostly in protonated state. These assembly features
are shown in schematic (Fig. 5.4) and qualitatively in the phase diagram (Fig. 5.9). The reduc-
tion in crystal quality at high pH suggests that the mechanism through which IPC-mediated 3D
assemblies form is different from the electrolyte induced 2D assembly. Superficially, both the phe-
nomena are expected to cause dehydration of PEG-AuNPs, and hence form assemblies due to
hydrophobic effect and van der Waal’s (vdW) forces. However, as our results show, there are dif-
ferences in assembly due to ions and due to IPCs and thus the exact mechanisms through which
the assemblies form need further research.
5.4 Conclusions
Here, we have expanded the library of electrolytes that induce 2D interfacial assembly of PEG-
AuNPs to include strong acids and bases, and also a weak polyelectrolyte. Similar to salts, HCl,
H2SO4 and NaOH induce the formation of a monolayer of PEG-AuNPs with hexagonal in-plain
order. Poly(acrylic acid), a weak polyelectrolyte also induces 2D assembly, although the in-plane
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Figure 5.8. Schematic representation of the effect of PAA and HCl on the assembly of PEG-AuNPs at the vapor-liquid
interface and in bulk. In interpolymer complexation (IPC) favoring conditions (high [PAA] and high [HCl]), aggrega-
tion is observed in the bulk, indicating the initiation of 3D assembly. The structure at the interface appears to deteriorate










Figure 5.9. Qualitative phase diagram depicting the effect of PAA and HCl on the assembly of PEG-AuNPs.
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order in the assemblies is poor compared to that obtained with strong electrolytes. These results
show that the presence of ions in a sufficient concentration leads to the formation of a crystalline
monolayer of PEG-AuNPs at the vapor-liquid interface, irrespective of the solution pH. In the
presence of both PAA and HCl, conditions that favor the formation of IPCs lead to deterioration
in the crystal quality. Thus, there are different assembly mechanisms at play with ion-induced
interfacial assembly and IPC-mediated assembly. This behavior of PEG-AuNPs is analogous to
those shown by DNA functionalized AuNPs.11 With non-base pairing ssDNA, AuNPs show salt
responsive formation of interfacial assemblies. When the ssDNA chains have a sticky end so that
they can hybridize, interfacial assembly appears to deteriorate concurrent with aggregation of
AuNPs in the bulk.11 Thus, by this analogy, IPC mediated assembly is a potential path for 3D
assembly of nanoparticles.
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5.6 Supporting Information
5.6.1 Complementary experiments
Dynamic light scattering results show that the electrolytes do not affect the brush height of

























































Figure 5.10. Dynamic light scattering results for (a) AuNPs functionalized with PEG5k and
PEG2k, (b) PEG5k-AuNPs in the presence of NaCl, and (c) PEG5k-AuNPs in the presence of HCl.
There is no apparent effect of electrolytes on the hydrodynamic size of PEG5k-AuNPs in bulk.
5.6.2 Effect of electrolytes
PEG5k-AuNPs were found to form salt-responsive, crystalline Gibbs monolayers at the vapor-
liquid interface (Fig. 5.11) as reported earlier.14 Here we find that in the presence of 0.5 M NaCl,
PEG5k-AuNP shows a hexagonal lattice with a lattice constant (aL = 4pi/
√
3Q1xy) of 35.9 nm
(Q1xy = 0.02Å
−1
)(Fig. 5.11b). In the earlier report, hexagonal structures obtained with PEG6k-
AuNP in the presence of 0.5M NaCl were found to have aL = 33.4 ± 0.4 nm.14 This slight dis-
crepancy in the lattice constants for PEG5k and PEG6k can be explained by the differences in PEG
grafting procedures in both the studies. Differences in grafting density effects the packing be-
havior of NPs and hence the lattice constant. More importantly, the characteristic features of the
system, mainly, the salt responsive behavior and the formation of a monolayer with hexagonal
packing are maintained. In the presence of 0.5 M NaCl, PEG2k-AuNPs form a monolayer with
in-plain hexagonal structure with aL = 19.8 nm (Fig. 5.11b).
5.6.3 Effect of IPCs
Interestingly, in the presence of 1 µM of PAA and 0.1 mM HCl, there are some diffraction
peaks which are not seen with either 1 µM of PAA or 0.1 mM HCl alone (Fig. 5.15a). The pri-

























































































Figure 5.11. GI-SAXS and X-ray reflectivity results for PEG5k-AuNPs and PEG2k-AuNPs with and without
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Figure 5.12. GI-SAXS and X-ray reflectivity results for PEG5k-AuNPs with increasing concentra-
tions of H2SO4(a-c) and NaOH (d-f).
to ones observed at the same HCl levels, but without PAA. This indicates that the contribution
of HCl dominates the assembly at ≥ 1 mM HCl. There is a slight shift in the primary peak po-
sition when HCl concentration is increased from 1 mM to 10 mM. Same trend is also obtained
in the presence of 10 µM of PAA. At 0.1 mM of PAA interesting trends in GI-SAXS curves can
be observed(Fig. 5.16a). As [HCl] is increased, the diffraction peaks appear more well defined




. This indicates that in the presence
of 0.1mM PAA, increasing [HCl] decreases the inter-particle distance. Decreasing inter-particle
distance with increasing [HCl] is consistent with the formation of IPCs which have a hydropho-
bic character and hence water is expelled from the lattice. Quality of the crystalline order in the
assemblies as quantified by the FWHM however is maximum at the intermediate [HCl] of 1 mM.
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Figure 5.13. GI-SAXS and X-ray reflectivity results for PEG2k-AuNPs with increasing concentra-
tions of H2SO4(a-c) and NaOH (b-d).
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Figure 5.17. GI-SAXS (a), X-ray reflectivity (b) and electron density fits (c) for PEG5k-AuNPs with
increasing concentrations of PAA100kDa.
At 1 mM of PAA, a trend similar to one with 0.1 mM PAA is observed, although the effect of IPC
formation, as evidenced by the deterioration in the crystal quality are more apparent. We note
that at 1 mM PAA and 10 mM HCl, 3D assemblies are observed. These results indicate that the
formation of IPCs reduce the crystallinity of 2D assemblies. The corresponding ED fits obtained
from the XRR data do not show any significant difference between the samples with only HCl,
and samples with PAA at different concentrations and corresponding HCl concentrations. Thus,
in IPC forming conditions (relatively high [HCl]), PAA seems to affect the in-plain structure of the
assemblies whereas the structure in the surface normal direction (monolayer) is left intact.
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CHAPTER 6. INTERPOLYMER COMPLEXATION AS A STRATEGY FOR
NANOPARTICLE ASSEMBLY AND CRYSTALLIZATION
A paper submitted to the Journal of Physical Chemistry C
Srikanth Nayak, Nathan Horst, Honghu Zhang, Wenjie Wang, Surya Mallapragada, Alex
Travesset1, and David Vaknin2
Abstract
Controlled self-assembly of nanoparticles into ordered structures is a major step in fabricating
nanotechnology based devices. Here, we report on the self-assembly of high quality superlattices
of nanoparticles in aqueous suspensions induced via interpolymer complexation. Using small
angle X-ray scattering, we demonstrate that the NPs crystallize into superlattices of FCC symme-
try, initially driven by hydrogen bonding and subsequently by van der Waals forces between the
complexed coronas of hydrogen-bonded polymers. We show that the lattice constant and crystal
quality can be tuned by polymer concentration, suspension pH and the length of polymer chains.
Interpolymer complexation to assemble nanoparticles is scalable, inexpensive, versatile and gen-
eral.
6.1 Introduction
Assembling nanoparticles into ordered structures is essential for applications in photonics,
magnetic storage, spintronics, and other applications.1–3 Thus, self-assembly of nanoparticles into
ordered lattices (superlattices), where large scale ordered structures can be realized, has been the
focus of research across multiple disciplines.2,4 Specifically, self-assembly of metallic nanoparticles




to achieving ordered structures have been developed including, solvent evaporation,1 DNA base-
pairing,7 biphasic-separation of water soluble polymers,8,9 and covalent crosslinking with small
molecules.10 Among these, two of the illustrative approaches for 3D assembly of nanoparticles
into superlattices are 1) solvent evaporation induced assembly and 2) DNA-mediated assembly.
Both methods have led to the formation of exquisite superlattices by engineering the core sizes,
shapes and ligand structure.11–14 While solvent evaporation based assembly is driven mainly by
ligand-entropy and van der Waals forces (vdW),13,15 DNA-mediated assembly is driven by maxi-
mizing Watson-Crick base-pairing.7
Various water soluble polymers (charged or neutral) are commonly used as nanoparticle sta-
bilizers and surface modifiers that enable tunable interactions.16 Recently, we have shown that
poly(ethylene glycol) functionalized gold nanoparticles (AuNP-PEG) dispersed in aqueous solu-
tions can be assembled into 2D and 3D superlattices by controlling ionic strength.8,9 Extending this
approach to tune the interactions among the functionalized NPs may be achieved by introducing
other polymers that can form inter-polymer complexes (IPCs). Inter-polymer complexes consist
of two distinct polymers that interact by non-covalent interactions, such as hydrogen bonds, and
have been studied extensively,17 especially for pharmaceutical applications.18
It has been long recognized that IPCs show recognition properties similar to DNA strands.19
There is a very large family of polymers that can form IPCs, but whether they can be used for
nanoparticle superlattice engineering remains an outstanding question. Despite some efforts to
leverage IPCs to assemble nanoparticles,20,21 as per our knowledge, no examples of long-range
structures have been reported. Here, we show that AuNP-PEG in the presence of poly(acrylic acid)
(PAA) self-assembles into 3D superlattices (the concept is depicted in Fig. 6.1). We conduct small
angle X-ray scattering (SAXS) and systematically vary the PEG chain length and nanoparticle core
size.
6.2 Materials and Methods
Materials: Gold nanoparticles (AuNPs) of 5 and 10 nm nominal diameters, referred to as
AuNP5 and AuNP10 respectively, were purchased from Ted Pella Inc. Poly(ethylene glycol)
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Figure 6.1. (a) Depiction of inter-polymer complexes between the end tethered PEG chains and free PAA leading to
self-assembly of nanoparticles into superlattices.
methyl ether thiol (mPEG-SH) with molecular weight (Mn) of ∼ 800 Da and ∼ 2000 Da (referred
to as PEG800 and PEG2000, respectively) and poly(acrylic acid), Mn ∼ 2000 Da, 50 wt% in water
(PAA2000) were purchased from Sigma Aldrich. Poly(ethylene glycol) methyl ether thiol with Mn
of ∼ 5000 Da (PEG5000) was purchased from CreativePEGWorks Inc.
Synthesis of assemblies Gold nanoparticles were functionalized with mPEG-SH using the lig-
and exchange method. Gold nanoparticles were mixed with aqueous solutions of mPEG-SH such
that molar ratio of nanoparticles to mPEG-SH is 1:25000 and the mixture was incubated in dark
under rotoshaking for ∼ 48 hours. Unbound mPEG-SH was separated by dialysis against water
for 48 hours using Slide-a-lyzer dialyser cassettes (10000 MWCO). To 0.98 ml of the functional-
ized nanoparticles, 10 µL of PAA at appropriate concentrations were added and mixed by vortex
mixing. After 1 minute of addition of PAA, 10 µL of hydrochloric acid (HCl) at appropriate con-
centrations were added and mixed again by vortex mixing. The solution was left to stand at room
temperature for more than 3 days. The samples are labeled as AuNPx-PEGy, a mM PAA2000, b
mM HCl, where x = nominal nanoparticle core diameter in nm, y = Mn of PEG, a = concentration
of PAA2000, and b = concentration of HCl.
Characterization methods: Small angle X-ray scattering (SAXS) measurements of the precip-
itates were conducted at beamline 12-ID-B of Advanced Photon Source, Argonne National Lab-
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oratory. Samples were transferred to 2mm OD quartz capillaries using glass pipettes and the
measurements were done at room temperature. Measurements were made in transmission mode
with photon energy, E = 13.3 keV ( λ = 0.9322 Å) using 2D Pilatus2m detector. Scattering angle
was calibrated with silver behenate powder standard.
To test the stability of the assemblies in the absence of solvent (under dry conditions), AuNP10-
PEG5000, 1mM PAA2000, 10mM HCl assemblies were collected along with ∼ 100µL of mother
liquor and dropped on a kapton tape and left to dry for several hours. SAXS results show that
the FCC structure is maintained in the dry state, albeit with a different lattice constant compared
precipitates in capillaries.
UV-vis absorbance spectra of the suspensions were measured with Molecular Devices Spec-
traMax spectrometer, using polystyrene cuvettes. Dynamic light scattering (DLS) measurements
were conducted with Malvern Zetasizer Nano-ZS90 (HeNe laser, wavelength = 633 nm, 90o scat-
tering angle).
6.3 Results and Discussions
We find that nanoparticle assemblies are formed by the addition of PAA and HCl to the AuNP-
PEG suspensions. At varying concentrations of each constituent, color change and aggregation
are visible, followed by precipitation. Samples are collected from this mixture and transferred to
quartz capillaries for SAXS measurements (more details are found in the Experimental Section,
and the Supporting Information). Nanoparticles are labeled as AuNPx-PEGy, where x refers to
the nominal core diameter of the nanoparticle in nanometers, and y refers to the molecular weight
of poly(ethylene glycol) used to functionalize the nanoparticles. Assembly conditions are indi-
cated with the concentrations of PAA and HCl in the final solution. More details about sample
preparation can be found in the Supporting Information.
SAXS characterization of the assemblies shows the emergence of crystalline structure in the
assemblies that can be tuned by the length of the PEG chains. Figure 6.2(a) shows the structure




2mM PAA2k, 1mM HCl
2mM PAA2k, 10mM HCl1mM PAA2k, 10mM HCl
(a) (b)
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Figure 6.2. (a) Structure factor curve for AuNP10-PEG2000, 2mM PAA2000, 1mM HCl (red symbols) and the model
fit (solid line) for an FCC lattice. (inset) Raw SAXS data shown here with scattering intensity shown on a logarithmic
color scale. Structure factor curves obtained from the SAXS data for gold nanoparticles coated with different lengths of
PEG-thiol at (b) 2mM PAA2000 and 1mM HCl, (c) 1mM PAA2000 and 10mM HCl, and (d) 2mM PAA2000 and 10mM
HCl. Curves are vertically shifted for clarity. Structure factor for AuNP10-PEG2000 in (b) and AuNP10-PEG5000 in
(c) are characterized as FCC, while the other diffraction profiles are consistent with FCC structure with stacking faults
along the (111) planes.
assemblies formed with AuNP10-PEG2000 at 2 mM PAA and 1 mM HCl. Clear diffraction rings in
the 2D pattern with distinct peaks in the structure factor emerge, indicating a crystalline structure.
To analyze the diffraction pattern, we use a model structure factor22 as used in an earlier work on
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crosslinked AuNP assemblies using dithiol chains.10 The best fit model to the diffraction pattern
both in terms of peak positions and intensities is a face-centered-cubic (FCC) lattice with a primary





' 203 Å. From the full width at half maximum of the Lorentzian shaped peaks used in
the fit, we obtain an average crystallite size using Scherrer equation to be ∼ 2900 Å.
Assemblies are also obtained with nanoparticles functionalized with shorter PEG (PEG800)
and longer PEG (PEG5000) for which the position of the primary peak (q0) decreases with the
length of the PEG chains as shown in Figure 6.2(b-d). Further, the quality of the crystal is found
to depend on the concentration of PAA and HCl in the suspension. Table 6.1 shows characteristic
length scales of unit cells under close to optimal crystallization conditions. A full list of conditions
explored and the obtained results are presented in Table 6.3 and Table 6.4. All structure factors
for PEG-AuNPs assemblies shown in Figure 2 display Bragg-like reflection peaks indicating 3D
superlattice formation. By increasing PEG length alone under otherwise identical PAA and HCl
concentrations, the resulting superlattice diffraction profiles become more well defined and can
be clearly indexed as FCC under favorable conditions (see Fig2.(b) and (c)). In all the cases, the
relative peak positions are consistent with FCC structure, although in some cases they are not
very well defined indicating poor crystallinity, possibly due to stacking faults. For 10 nm nominal
AuNPs the center-to-center inter-particle distance ranges from ∼ 15 nm to ∼ 27 nm with different
PEG chain lengths.
Table 6.1. Lattice constant a, and nearest neighbor (Dn) with 95% confidence intervals, extracted from SAXS for AuNP-
PEG of different PEG lengths obtained in the presence of 1 mM PAA2000 at 10 mM HCl. The hydrodynamic radius
DH obtained from DLS is obtained without PAA and HCl. The values in parentheses represent the distribution of
hydrodynamic size of the grafted particles. Actual diameter of the nominal 10 and 5 nm AuNP obtained from SAXS
are AuNP diameter D = 8.8± 0.8 and 6.3± 0.9 nm respectively.
Nanoparticle a (Å) Dn (Å) DH (Å)
AuNP10 - - 139(37)
AuNP10-PEG800 214± 1 151± 1 186(48)
AuNP10-PEG2000 272± 2 192± 1 249(63)
AuNP10-PEG5000 376± 1 266± 1 408(121)
AuNP5-PEG2000 225± 1 159± 1 205(35)
To gain insight into the assembly mechanism, we determine the variation of NN distances
in the assembly as a function of PEG chain length experimentally and compare the results with
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expected trends for vdW and hydrogen bonding dominated assemblies. For structures with local
coordination larger than 6, such as FCC, the orbifold topological model (OTM)23 predicts that the
dimensionless NN distance, τOPM (Dn/D ) is given by optimal packing model (OPM)24
τOPM = (3ξλ+ 1)
1
3 , (6.1)
where, ξ = A0A ≈ 1 (A0 is the cross section of the polymer≈ 20 Å
2
andA is actual area occupied by
a bound polymer to the NP surface; 1/ξ = dimensionless grafting density) and λ = 2L/D (L is the
polymer contour length and D is the NP diameter). The 1/3 exponent reflects the optimization
of the packing fraction that follows from vdW attractive forces. In contrast, in DNA-mediated
assembly where the structure is stabilized by hydrogen bonds, the NN distances are found to be
linearly dependent on the DNA length.25,26
Figure 6.3 shows SAXS extracted NN-distances versus PEG contour-length (both normalized to
the core-particle diameter) and the theoretical OTM/OPM curve (Eq. (6.1)) with no fitting param-
eters. The τ = 1+λ line refers to the NN-distance assuming the PEG chains are fully stretched and
there is no overlap of PEG coronas, and hence is the maximum distance between NPs. The close
match between the experimentally observed NN distances and the predictions from OTM/OPM
suggests that the dominant forces in the assembly are vdW as it is found in solvent evaporated
assembly.23 In Fig. 6.3 data from assemblies obtained by solvent evaporation in polystyrene func-
tionalized gold nanoparticles13 also follow the OTM/OPM curve.23 This, combined with the need
for low pH for the formation of assemblies, indicate that the assembly is initially driven by hy-
drogen bonds, and as the aggregates become solvent free, vdW forces establish a close to optimal
packing FCC structure. Our results contrast with those of DNA mediated assemblies, where NN
distance is much larger than that predicted by OPM (blue line in Fig. 6.3, obtained from Hill et
al.25) as it is known that the superlattice is swollen with more than 90% interstitial water.12
Our results show that the formation of ordered assemblies depends on all the tested parame-
ters, namely, molecular weight of PEG, concentration of PAA and HCl. The critical pH, at which
IPCs formed by linear chains of PAA and PEG phase separate, depends on the molecular weight
and concentration of the polymers.27 Although there are qualitative similarities in the formation
























Figure 6.3. Dimensionless nearest neighbor distances (τ ) plotted against dimensionless contour length of PEG (λ). We
plot the result of the OTM/OPM model (Eq. 6.1) to show that our data agrees without the use of any fitting parameters.
Solid black line refers to the maximum possible distance between the nanoparticles. Red, green, magenta and turquoise
circles are the experimentally obtained points for AuNP10-PEG800, AuNP10-PEG2000, AuNP10-PEG5000, and AuNP5-
PEG2000 respectively. The black dashed line is the prediction from OTM/OPM. The blue dashed line is the variation
of NN distance with the DNA linker length in DNA-mediated assemblies, obtained by using equation (2) provided in
reference. 25 The orange xs refer to the data points obtained from reference 13 for the solvent evaporation system with
poly(styrene) functionalized AuNPs. Despite the fundamental role played by hydrogen bonds, the nearest neighbor
distances are typical of vdW driven systems, as it is the case with superlattices obtained from solvent evaporation.
PAA) there are some notable differences. For PAA/PEG IPCs in bulk, at a fixed monomer con-
centration and PAA length, there is a minimum molecular weight of ∼ 6000Da of PEG required
to form IPCs.17,28 This dependence on molecular weight has been attributed to the higher loss of
translational entropy for the shorter polymers and the co-operative behavior of hydrogen bond
formation in the complexes.29,30 In contrast, we find that assemblies are formed even with 800 Da
AuNP-PEG. Although not forming superlattices, even shorter (3 or 6-mer) AuNP-oligoEG show
pH-responsive assembly in the presence of PAA.21 Further, an excess of PAA (in base-moles) is
required for the formation of NP assembly (Table.6.5), as opposed to the equimolar proportions
required in the formation of IPCs of PAA /PEG in bulk solution.18
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6.4 Conclusion
In this work, we have demonstrated the formation of FCC crystals of AuNPs functionalized
with PEG via interpolymer complexes with PAA. The NN distances in the superlattices primarily
depend on the length/molecular-weight of PEG and hence are tunable. Further, the conditions
(pH and PAA concentration) for the formation of the assemblies depend on the PEG molecular
weight. Theoretical considerations of the dependence of NN distance on the PEG chain length
suggest that van der Waals forces that arise due to the formation of IPCs play a significant role
in the stability of the assemblies. IPCs have been shown to form with several polymers such as
poly(N-isopropylacrylamide), poly(N-vinylpyrrolidone), and polysaccharides.18 Since these poly-
mers are commonly used in NP functionalization and stabilization, our results open a potential
route for the assembly of a wide variety of NPs. These results also raise several possibilities such
as obtaining binary superlattices using different cores and ligands, and using block copolymers
instead of PAA homopolymers. Thus, this work brings new tools for controlling and directing the
self-assembly of nanoparticles.
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6.6 Supporting information
6.6.1 Complementary experiments
We estimate the core size of the AuNPs from SAXS of the suspension. The form factor of the
nanoparticles was obtained by fitting SAXS results from nanoparticle suspension to theoretical
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scattering from a population of spheres with Gaussian size distribution (Figure 6.4(a))and it re-
sulted in R0 ∼ N (42 Å, 4.02 2). We functionalized the gold nanoparticles with thiol terminated
PEG using ligand exchange method and obtained the nanoparticle concentration and the hydro-
dynamic size using UV-vis spectroscopy (extinction at 520 nm) and dynamic light scattering re-
spectively. The results are listed in Table.6.2. The hydrodynamic size of the AuNPs increased with
increasing PEG chain length upon functionalization as shown in Figure 6.4(b)).
Table 6.2. Concentrations of nanoparticles from absorbance value at 520 nm and the hydrodynamic size for gold
nanoparticles grafted with different mPEG-SH chains.
Nanoparticle Concentration, nM DH , nm PEG chain length, nm
AuNP10 9.3 13.9± 3.7 -
AuNP10-PEG800 6.2 18.6± 4.8 6.6
AuNP10-PEG2000 6.2 24.9± 6.3 16.5
AuNP10-PEG5000 5.8 40.8± 12.1 41.4
AuNP5-PEG2000 66 20.5± 3.5 16.5
-















D = 8.4 + 0.8 nm
Figure 6.4. (a) SAXS results for bare AuNPs with nominal diameter of 10 nm after standard data reduction (shown in
black circles with error bars) and the form factor fit (solid red line) showing a normal distribution with mean particle
diameter, D = 8.4nm and standard deviation = 0.8 nm. For AuNPs with 5 nm nominal diameter the form factor fit
results in mean diameter, D = 6.3nm and standard deviation of 0.9 nm.(b) Dynamic light scattering results for bare
gold nanoparticles with nominal diameter of 10 nm and the same gold nanoparticles after being functionalized with
PEG-thiol of Mn ∼800 Da, ∼2000 Da and ∼5000 Da.
PEG brush height on the gold nanoparticles are found by subtracting the gold nanoparticle
core size from the hydrodynamic size of the functionalized nanoparticles. Figure 6.5(a) shows the
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variation of brush height with number of monomers in PEG. The trend can be approximated by a
scaling law with a scaling exponent of ∼ 0.6, which indicates that the brushes are in semi-dilute
polymer brush regime.31
0 100 200 300





























Figure 6.5. (a) Brush height of PEG chains on gold nanoparticles obtained from hydrodynamic sizes plotted against
number of EG monomers in the chain (red circles with error bars). The trend (green line)shows a scaling law behavior
with a scaling exponent of∼ 0.6 indicating that the brushes are in semi-dilute polymer brush (SDPB) regime. PEG10000
shown in these results were not used for the experiment. (b) pH change with increasing concentration of PAA2000 and
hydrochloric acid in solution. The dashed lines are to guide the eye. It can be seen from the above plot that at high con-
centration of HCl, PAA does not affect the pH. Thus, in the presence of HCl, increasing the PAA concentration does not
affect the degree of protonation of PAA. Measurements of pH were made in aqueous solutions without nanoparticles.
6.6.2 SAXS data reduction and summary of results
SAXS data are reduced according to techniques as shown in Figure 6.6. In the absence of PAA,
addition of HCl causes precipitation of non-functionalized AuNPs, but does not affect the PEG
functionalized AuNPs, indicating good colloidal stability upon PEG functionalization. (Table 6.3
and Figure 6.7) Further, the PEG functionalized AuNPs showed varying assembly behavior at
different PAA and HCl concentrations.
Since the molecular area of a thiol bond on gold is' 0.25 nm2,32 we estimate that the maximum
number of PEG chains on 10 nm AuNPs to be ∼ 900/nanoparticle and that for 5 nm AuNPs to
be ∼ 500/nanoparticle. Concentration of acrylic acid monomers in PAA2000 solutions is ∼ 27.7
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(a) (b)
Figure 6.6. (a) Raw SAXS intensity shown on a logarithmic scale. Standard data reduction techniques to obtain 1D
SAXS results were applied on this 2D data. Rings can be clearly seen showing the crystalline nature of the sample. (b)
Structure factor S(q) is obtained by removing the form factor from background subtracted intensity data for a sample.
Here the procedure is illustrated for sample with AuNP10-PEG2000, 2mM PAA2000 and 1mM HCl.
(a) (b)AuNP10, no PAA, no HCl AuNP10, no PAA, 10mM HCl
Figure 6.7. Raw SAXS intensity shown on a logarithmic scale for (a) gold nanoparticles dispersed in suspension (indi-
cated as S in Table 6.3) and (b) amorphous aggregates (indicated as A in Table 6.3)
times the concentration of PAA2000 polymer. Table.6.5 shows the estimated ethylene glycol (EG)
concentration in the nanoparticle suspensions. Given that 0.1 mM of PAA2000 (2.7mM of AA) was
not sufficient in most cases for the assemblies to form, an excess of AA per EG appears necessary.
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Table 6.3. Summary of results for different experimental conditions. Values in the table are the positions of the primary
peak in the structure factor curves given in Å−1 units. Letters ‘A’ indicates that the aggregates showed an amorphous
structure while ‘S’ indicates that the nanoparticles did not aggregate and a stable suspension was observed.
Nanoparticle [PAA2000] (mM) 0 M 1 mM 10 mM
AuNP10 0 S S A
AuNP10 0.1 S S A
AuNP10 1 S S A
AuNP10 2 S S A
AuNP10-PEG800 0 S S S
AuNP10-PEG800 0.1 S S 0.051
AuNP10-PEG800 1 0.051 0.051 0.051
AuNP10-PEG800 2 0.051 0.051 0.051
AuNP10-PEG2000 0 S S S
AuNP10-PEG2000 0.1 S S S
AuNP10-PEG2000 1 S S 0.04
AuNP10-PEG2000 2 S 0.038 0.038
AuNP10-PEG5000 0 S S S
AuNP10-PEG5000 0.1 S S S
AuNP10-mEG5000 1 S S 0.029
AuNP10-PEG5000 2 S 0.027 0.026
AuNP5 1 – – A
AuNP5 2 – – A
AuNP5-PEG2000 1 S S 0.048
AuNP5-PEG2000 2 S 0.045 0.047
6.6.3 Structure factor model
In this model,A0 is a constant, free parameter; β(q) corrects for particle size polydispersity and
orientational disorders;22 G(qhkl) is the Debye Waller factor that allows for translational disorders
in the lattice;22 Z0(qhkl) is the structure factor for an ideal crystal; L(q : qhkl is the shape function
(we use Lorentzian shape function) arising due to the finite size of the crystals; and Dn is the near-
est neighbor distance. For model simplicity we have assumed the polydispersity of nanoparticle
size to have no effect on the structure factor (β(q) = 1). Crystallite sizes (CFCC) were calculated
using the Scherrer equation (Eq.6.3).
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Table 6.4. Summary of structure factors obtained for AuNP-PEG systems when a diffraction pattern is observed. PEG
length refers to the contour length of the PEG-thiols. Dn is the nearest neighbor distance in the FCC crystal obtained
from the position of the primary peak in the structure factor curve. Crystallite size is obtained from the Scherrer
equation.
Nanoparticle PAA2000 (mM) HCl PEG length (nm) Dn(nm) Crystallite size (nm)
AuNP10-PEG800 0.1 10 6.6 15.0 171
AuNP10-PEG800 1 0 6.6 15.1 177
AuNP10-PEG800 1 1 6.6 15.1 172
AuNP10-PEG800 1 10 6.6 15.1 172
AuNP10-PEG800 2 0 6.6 15.1 168
AuNP10-PEG800 2 1 6.6 15.1 164
AuNP10-PEG800 2 10 6.6 15.1 175
AuNP10-PEG2000 1 10 16.5 19.2 191
AuNP10-PEG2000 2 1 16.5 20.3 289
AuNP10-PEG2000 2 10 16.5 20.3 148
AuNP10-PEG5000 1 10 41.4 26.6 300
AuNP10-PEG5000 2 1 41.4 29 159
AuNP10-PEG5000 2 10 41.4 29.6 289
AuNP5-PEG2000 1 10 16.5 15.9 159
AuNP5-PEG2000 2 1 16.5 17.2 -
AuNP5-PEG2000 2 10 16.5 16.4 159
Table 6.5. Concentration of ethylene glycol (EG) in the nanoparticle assemblies estimated at highest grafting density.








S(q : qhkl) (6.2a)
S(q : qhkl) = 1 +G(qhkl) [β(q)Z0(qhkl)L(q : qhkl, σ)− 1] (6.2b)





G(q) = exp (−σ2DD2nq2hkl) (6.2e)




(q − qhkl)2 + (σ2 )2
(6.2f)
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6.6.4 OTM model as applied to IPC mediated assembly
We see that in all cases, the maximum grafting density (ξ = 1) is the a better predictor than
smaller values of ξ, which prompts us to realize the different possibilities for inter-particle linkage
(IPL) as shown in Fig. 6.8.
(a) Maximum packing density (b) PEG-compressed (c) PEG-stretched
Figure 6.8. Possible mechanisms of inter-particle linkage (IPL) mediated by direct PAA bridging. The case of maximum
grafting density (a) shows PAA chains forming bridges between nanoparticles, but at lower grafting densities, PAA fills
unoccupied space, leading to a range of possible Dn values (b,c).
We speculate possible structure of the IPCs in the assemblies as shown in Figure.6.8. Fig-
ure.6.8(a) shows the formation of IPCs when the PEG chains are in the concentrated brush regime
(maximum packing density of PEG chains on the AuNPs) where the PAA chains cannot perme-
ate into the corona and the IPCs are at the edges of the PEG corona. When the PEG chains are
less densely packed on the AuNPs, PAA chains can permeate and form IPCs within the corona
(Fig.6.8(b) and (c). Since the tethered PEG chains are in SDPB regime, PAA chains can permeate
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CHAPTER 7. CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
In this work, we have demonstrated various strategies using bottom-up approaches for fabri-
cating ordered assemblies of nanoparticles. Using bioinspired approaches, we have used natural
and synthetic macromolecules as templates for the synthesis and assembly of inorganic nanoparti-
cles. All the synthesis and assembly processes have been conducted under ambient conditions and
in aqueous media, without the need for hazardous chemicals, and thus paving the way for scal-
able fabrication of nanoparticle assemblies. The fabricated assemblies have been characterized
using standard materials characterization techniques such as atomic force microscopy, electron
microscopy, and X-ray scattering analysis.
Based on the previous research showing the effect of surface hydrophobicity on the self-assembly
of Mms6,1 we devised a method to obtain arrays of magnetic nanoparticle assemblies on solid
substrates. It is demonstrated that non-covalent immobilization of a biomineralization protein,
Mms6, on hydrophobic surfaces can be used to create functional protein arrays. The advantage
of non-covalent immobilization is in the orientation of immobilized protein on the surface that is
favorable to its templating action. The immobilized protein arrays are used to template the for-
mation of magnetic nanoparticle arrays. Thus synthesis and assembly of magnetic nanoparticles
on a using a synergistic combination of self-assembly and top-down approach is demonstrated.
Thiol groups have high affinity to noble metals like gold and this has been utilized to assem-
ble spherical clusters and multilayers of gold nanoparticles with α-ω dithiol linkers. We studied
the self assembly of citrate stabilized gold nanoparticles in the presence of oligo(ethylene gly-
col) dithiol chains. Short (4-mer or 6-mer) dithiol chains cause quantitative precipitation of the
nanoparticles with short-ranged order in the assemblies. Inter-particle distance is a function of
dithiol chain length, however longer chains (more than 12-mer) show only weak inter-particle cor-
relations, akin to dimers. Geometrical constraints and molecular dynamics simulation show the
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bounds on the chain length relative to the nanoparticle diameter, and the number of connected
nearest neighbors to obtain a stable lattice.
Previous research shows that poly(ethylene glycol) (PEG) functionalized nanoparticles form
two and three dimensional assemblies in the presence of strong electrolytes.2 Nanoparticles func-
tionalized with polymers and DNA that are capable forming inter-chain hydrogen bonds also
form assemblies in appropriate medium conditions.3–5 We studied the effect of a weak polyelec-
trolyte, poly(acrylic acid) (PAA), on the assembly of PEG functionalized nanoparticles. A mono-
layer of nanoparticles with hexagonal in-plane order forms at the liquid-vapor interface at suffi-
cently high PAA concentrations. Further, with neutralized PAA (at low pH), the crystallinity of
the 2D assemblies deteriorates with concurrent aggregation of the nanoparticles in the bulk. Sur-
prisingly, PEG functionalized nanoparticles are found to form 2D assemblies at the liquid-vapor
interface in the presence of sufficient concentration of ions, irrespective of the solution pH.
Poly(acids) such as poly(acrylic acid) form inter-polymer complexes (IPCs) with other poly-
mers with electron-donating groups by hydrogen bonding interactions. We explored the anal-
ogy of this phenomenon to the hybridization of DNA chains, in the context of nanoparticle self-
assembly. Nanoparticles functionalized with PEG form crystals with FCC structure in the presence
of a high concentration of neutralized PAA (at low pH). Inter-particle distances in these assemblies
follow the Optimal Packing Model (OPM), meaning that the assemblies are nearly dehydrated, re-
sembling the assemblies obtained by solvent-evaporation. This is in contrast to the DNA-mediated
assemblies where the assemblies have high water content and are unstable in dry conditions. We
hypothesize that the van der Waal’s forces play the dominant role in assembly stability in the
IPC-mediated case.
In keeping with the objectives of this work, we have -
1. leveraged the self-assembly of a biomineralization protein on hydrophobic surfaces to ob-
tain patterns of magnetic nanoparticles on the surface, using patterns obtained by top-down
approach (soft lithography),
2. developed self-assembly procedures to obtain 2D and 3D superlattice of nanoparticles using
electrolytes, inter-polymer complexation, and crosslinking dithiols, and
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3. evaluated the effect of medium conditions on the structural properties of the assemblies and
correlated the results with theoretical predictions.
Based on the above results, new avenues for research have been identified and preliminary
studied have been conducted to test their viability as detailed below.
7.2 Future Work
7.2.1 Electrolytes and polyelectrolytes for the assembly of polymer functionalized nanoparti-
cles
In realizing functional nanomaterials, there are several outstanding challenges with regards
to their fabrication or assembly. Once the challenges of synthesizing complex shaped nanopar-
ticles such as split-rings are overcome, self-assembly techniques developed in this dissertation
can be employed obtain ordered assemblies. However, controlling the crystal dimensions (inter-
particle distances) and symmetries (cubic, monoclinic etc) with arbitrary morphology of inor-
ganic core remains to be explored. In this work we have focused on the assembly of spherical,
metallic nanoparticles of 5 - 20 nm diameter into close-packed structures and these nanoparti-
cles/assemblies do not always meet the desired criteria for functionalities.
7.2.1.1 Extension of the assembly processes to anisotropic nanoparticles
First, we discuss the possible challenges in controlling the inter-particle distances in the as-
semblies. Although, our major findings on the structural properties of the assemblies are in non-
dimensional units, meaning that they are expected to be applicable to a range of sizes, there are
other practical considerations for extending these principles. For example, with larger nanoparti-
cle cores and longer functionalizing polymers, the polymer grafting density reduces, and thus the
inter-particle distance can also be reduced. Further, for anisotropic particles like nanoprisms or
discs, polymer grafting can be anisotropic due to preferential binding of the polymers to certain
facets. In the case of obtaining optical metamaterials, the nanoparticles are of complex morpholo-
gies such as split rings and tuning forks, and have physical dimensions ranging from 50 - 100 nm.
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Thus, future experiments will be conducted to verify the application of theoretical models such
as OPM and OTM to larger and anisotropic particles such as nanoprisms. These experiments will
guide the fabrication of assemblies of functional units such as metallic split-rings.
7.2.1.2 Self-assembly of binary nanoparticle superlattices via interpolymer complexation
AuNP-PEG800 : AuNP-PEG5k
                        1 : 1
AuNP-PEG5k
AuNP-PEG800
AuNP-PEG2k :  AuNP-PEG5k




Figure 7.1. (a) Structure factor curves for assemblies obtained with 1 mM of PAA2kDa, 1 mM of HCl, and AuNP10-
PEG800 (black), AuNP10-PEG5k (red), and an equimolar mixture of AuNP10-PEG800 and AuNP10-PEG5k (blue). The
structure factor for the mixture appears to be a sum of structure factors obtained for pure nanoparticles, indicating the
presence of two phases. (b) Structure factor curves for assemblies obtained with 1 mM of PAA2kDa, 1 mM of HCl,
and AuNP10-PEG2k (black), AuNP10-PEG5k (red), and an equimolar mixture of AuNP10-PEG2k and AuNP10-PEG5k
(blue). The structure factor for the mixture has a peak in between the peaks obtained for pure nanoparticles.
Crystal symmetries in nanoparticle superlattices have been controlled by co-assembling a
binary mixture of nanoparticles having two different functionalizations (polymers or ligands)
and/or two different core morphologies. Such superlattices are called binary nanoparticle super-
lattices (BNSL). Further, one of the nanoparticle cores can be a “dummy”, i.e., it plays only a struc-
tural role and not a functional role. Using inter-polymer complexation as a strategy, similar BNSL
can be assembled as those shown with evaporation mediated assembly, given the dominance
of vdW forces in both. We have some preliminary results regarding this where gold nanopar-





Figure 7.2. (a) Schematic showing the strategy for obtaining BNSL with PEG and PAA functionalized nanoparticles
via interpolymer complexation. (b) Structure factor obtained for assemblies obtained with AuNP10-PEG with different
PEG lengths and AuNP10-PAA3000 at 10 mM of HCl.
via IPCs. Structure factor obtained from SAXS for assemblies formed with an equimolar mixture
of AuNP10-PEG800 and AuNP10-PEG5k, with 1 mM of PAA2k and 10 mM of HCl, are shown in
Figure 7.1(a) as a blue curve. In this figure red and black curves correspond to assemblies formed
separately with AuNP10-PEG800 and AuNP10-PEG5k respectively, with 1 mM of PAA2k and 10
mM of HCl. There are two prominent peaks in the blue curve which correspond well with the
primary peaks observed for AuNP10-PEG800 and AuNP10-PEG5k assemblies respectively. This
indicates that the sample has a mixture of two separate crystalline structures. With a mixture of
AuNP10-PEG2k and AuNP10-PEG5k (Fig. 7.1(b)) however, there is a broad peak positioned in
between the peaks corresponding to pure nanoparticle assemblies. While it is hard to conclude
the structure of these assemblies due to lack of resolution, these results are promising towards
the fabrication of BNSLs. Further tuning of the parameters to overcome possible kinetic barriers
preventing the formation of large binary superlattices is needed.
Another potential route to obtain BNSL is by the co-assembly of nanoparticles functionalized
with polymers that can form IPCs. For example, nanoparticles functionalized with PEG and PAA
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can be assembled into different structures depending on the respective chain lengths, as shown
schematically in Figure 7.2(a). Structure factor for assemblies obtained by this approach showed
a single peak that shifts to lower values for longer PEG chains, indicating larger inter-particle
distances (Fig. 7.2(b)). We hypothesize that the low crystallinity of the assemblies is due to the
low grafting density of PAA on gold nanoparticles. Thus, by optimizing the grafting density and
the molecular weight of the polymers, this approach can also lead to the formation of BNSL.





       1mM HCl
(a) (b)
Figure 7.3. Structure factors for assemblies of AuNP10-PAA with varying PAA lengths, in the presence of 1 mM of HCl,
without PEG (a), and with PEG (b).
Nanoparticle assemblies that can be reversibly assembled and disassembled using external
triggers such as pH, salt and temperature. Different polymers such as PDEAEM, PNIPAM and
Pluronics show phase changes in the room temperature range and they can be harnessed to ob-
tain stimuli responsive nanoparticle assemblies. Polyacids such as poly(acrylic acid) show pH de-
pendent conformation changes. At low pH, PAA is almost completely protonated and hence can
form intra- and inter-chain hydrogen bonds, leading to nanoparticle assembly. Using atom trans-
fer radical polymerization (ATRP) techniques, we have synthesized thiol-terminated poly(acrylic
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acid) of varying molecular weights and functionalized gold nanoparticles with these polymers,
following similar procedure as explained in our earlier work.5 Figure 7.3(a) shows the structure
factor of assemblies of PAA functionalized gold nanoparticles at low pH of∼ 3. Increasing molec-
ular weight of PAA leads to increasing inter-particle distance in the assemblies. However there is
only short ranged order, possibly due to the low grafting density of PAA. Adding PEG to these
assemblies, so as to form IPCs, did not effect the structure factor (Fig. 7.3(b)).
Poly(N-isoprylacrylamide) (PNIPAM) is a well studied temperature responsive polymer that
has a LCST at ∼ 32.4oC in aqueous solutions and shows a coil to globule transition as the tem-
perature is raised beyond its LCST.6,7 However, nanoparticles that are functionalized with PNI-
PAM do not show any significant phase change when the solution temperature is varied across
the LCST.8,9 In the presence of salts in the suspension, increasing the temperature induces aggre-
gation of nanoparticles where the critical temperature depends on the salt concentration.8,10 We
investigated the salt dependent temperature responsive behavior of PNIPAM functionalized gold
nanoparticles using SAXS and the results are shown in Figure 7.4(a). At room temperature, the
assemblies formed with 0.5M NaCl show a FCC-like structure whereas at 80oC, the second peak
is taller than the first. Origins of this anomaly are not clear and further exploration of the effect of
temperature on these assemblies is needed.
Similar to PEG, PNIPAM can also form IPCs with PAA. We obtained assemblies of PNIPAM
functionalized gold nanoparticles with PAA. Strucutre factors obtained from SAXS of these as-
semblies are shown in Figure 7.4(b). Interestingly, assemblies are formed even in the absence of
HCl and lowering the pH did not affect the structure factor significantly. This is likely due to the
higher hydrophobicity of PNIPAM and the electrolytic properties of PAA. Increasing the temper-
ature leads to sharpening of the peaks indicating improving crystallinity in the assemblies.
7.2.1.4 Self-assembly of nanoparticles onto patterned substrates via interpolymer com-
plexation
The phenomenon of interpolymer complexation can be leveraged to obtain nanoparticle as-
semblies on solid substrates as shown in Figure 7.5(a). We functionalized template-stripped gold
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PAA 2mM, no HCl, T = 25C
PAA 2mM, no HCl, T = 65C
PAA 2mM, 10mM HCl, T = 65C
PAA 2mM, 10mM HCl, T = 25C
(a) (b)







Figure 7.5. (a) Schematic of the procedure to obtain assemblies of nanoparticles on solid substrates using inter-polymer
complexation. (b) and (c) SEM images of gold nanoparticle assemblies on template-stripped gold surfaces fabricated
via inter-polymer complexation. The gold nanoparticles are functionalized with PEG2k while the gold substrate is
functionalized with PEG5k. These results show that the assemblies are not formed uniformly over the surface, forming
islands of monolayers and multilayers.
substrates with thiolated PEG2k and then treated the surface with 1mM of PAA2k, 1 mM of HCl
and gold nanoparticles functionalized with thiolated PEG5k. The nanoparticles were let to assem-
ble on the surface for 1 day after which the surface was rinsed with DI water and dried with nitro-
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gen. Scanning electron microscopy (SEM) images of these surfaces showed that the nanoparticles
had assembled into monolayers and multilayers with close-packing features in the monolayers
(Fig. 7.5(b)). Tuning the parameters such as PEG brush lengths, PAA and HCl concentration, can
lead to uniform monolayers on the surface. Further, patterns of PEG can be printed on the sub-
strate by soft lithographic techniques to obtain large scale, patterned assemblies of nanoparticles.
7.2.1.5 Salt induced assembly of PVP functionalized nanoparticles
(a) (b)
Figure 7.6. (a) GI-SAXS, and (b) GI-XRF results of liquid-vapor interface over the AgNP10-PVP solution with different
salts.
Poly(vinyl pyrolidone) (PVP) is frequently used as a stabilizer in the synthesis of various metal-
lic nanoparticles, especially silver nanoparticles. Given the unique plasmonic properties of silver
nanoparticles, it is desirable to control self-assembly of these nanoparticles. Further, it is known
that ligand exchange procedures with thiolated polymers lead to etching of silver NPs. One way
to address this is use the properties of PVP coating on the synthesized NPs for self-assembly.
Our preliminary experiments show that PVP-coated AgNP are salt responsive and populate the
air-water interface when a salt is added to the suspension. Figure 7.6(a) shows GI-SAXS results
obtained with 10 nm AgNP coated with 40kDa PVP, in the presence of various salts. The enhanced
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intensity signal at low Q is consistent with the form factor of the nanoparticles, indicating the mi-
gration of nanoparticles to the air-water interface upon addition of salt. Absence of peaks indicates
that the NPs are not correlated. Figure 7.6(b) shows the enhancement in fluorescence signals from
Ag Lα and Lβ lines, corroborating the salt responsive interfacial assembly of PVP coated AgNPs.
Based on these results, future experiments on the salt induced 2D and 3D assembly of PVP coated
nanoparticles will be conducted.
7.2.2 Self-assembly of polymer functionalized nanoparticles with complexing block copoly-
mers
Amphiphilic block copolymers such as Pluronic can show a range of microphases in their
aqueous solutions depending on the chemical and physical conditions. Their ability to template
the formation of various mesoporous oxides,11 to stabilize metal nanoparticles12 and their ther-
moresponsive behavior makes them an attractive candidate for the formation of assemblies of
metallic nanostructures. Although Pluronic block copolymers mostly show face centered cubic or
body centered cubic lattice structures, simulations predict that with suitable end modifications,
they can co-assemble with nanoparticles to form lamellar and gyroid structures.13 Depending on
the relative affinity between the ends of the Pluronic chains and the nanoparticles, various mor-
phologies in the nanocomposites have been predicted with increasing polymer and nanoparticle
concentration in the gel.13 Such effect of nanoparticles on the assembly of block copolymers has
been reported in literature.14–20 Utilizing these concepts, the following work is proposed.
7.2.2.1 Synthesis and characterization of gold nanoparticle – polymer nanocomposites with
functionalized polymers and gold nanoparticles
Interactions between the nanoparticles and the polymer blocks are crucial in determining the
phase behavior of the nanocomposites. As mentioned in the previous paragraph, by suitable end
modifications of amphiphilic triblock copolymers like Pluronic, where the ends have high affinity
to the nanoparticles, a variety of nanocomposite morphologies are predicted.21,22 We have studied
the assembly of PEG functionalized gold nanoparticles in Pluronic gels using SAXS. Pluronic F127
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gels (30 wt%) show a FCC structure, and with the addition of AuNP5-PEG5k to the gels, the
intensity is a sum of the gel’s structure and the form-factor of the nanoparticles (Fig. 7.7). Thus the
nanoparticles are stable and uniformly distributed in the gel, without affecting the gel’s structure.
Drying these gels leads to a lamellar structure, both with and without the gold nanoparticles.
Electrostatic forces between the nanoparticle and the polymers can also be used to assem-
ble nanoparticles. We have synthesized pentablock copolymers of Pluronic with end blocks con-
taining pendant tertiary amines that have pKa above 7. Gold nanoparticles stabilized by citrate,
poly(acrylic acid) (PAA) and DNA have negative charges on the surface. It is expected that the
negatively charged gold nanoparticles will have strong affinity to the positively charged ends on
the pentablock copolymer. Further, formation of bicontinuous block copolymer morphologies
(which are particularly attractive in obtaining chiral optical media) with electrostatic co-assembly
of block copolymers and nanoparticles has been reported by several groups.2,14,15 Thus future ex-
periments on the mesoscale assembly of functionalized nanoparticles with block copolymers is
proposed.
Figure 7.7. SAXS data for Pluronic gels mixed with PEG functionalized gold nanoparticles contained in capillaries as
gels, and dried on kapton tape.
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7.2.2.2 Electroless deposition of noble metals in gold nanoparticle – polymer nanocom-
posites
Continuous metallic films with structured voids between them have potential applications as
metamaterials and photonic materials depending on their chirality, homogeneity and physical di-
mensions. Electroless deposition (ELD) in polymeric matrices produces networks of metals such
as nickel and copper,23,24 and is an established technology in depositing gold and silver on vari-
ous substrates.25,26 ELD requires a metal precursor, a reducing agent and a nucleating seed. The
gold nanoparticles assembled in the previous step can be used as ordered array of seeds for ELD
thereby retaining the periodic nature of the assembly in some dimensions. In fact, Pluronic itself
acts as a reducing agent for Ag+ and AuCl−4 , especially at basic conditions.
? We have found that
uniform sized nanoparticles are formed by the reduction of HAuCl4 in Pluronic gels under basic
conditions, even in the absence of any seed particles. Figure 7.8(a) shows the SAXS data for dried
gels synthesized by drying 27.3wt% Pluronic gels in 54 mM NaOH treated with different concen-
trations of HAuCl4. The lamellar structure of the gels is not affected by the in-situ formation of
gold nanoparticles in the gels. TEM images of the gold nanoparticles extracted from the gels show
that they are fairly uniform in size and are spherical (Fig. 7.8(b)). Increasing the concentration of
HAuCl4 however was found to cause loss of gelation in the gels, and the formation of large irregu-
lar shaped gold crystals. Exploring the process parameters such as, block copolymer architecture,
metal precursor, and reducing agents, for the formation of gyroid and lamellar phases with struc-
tural stability at high metallic loading is required to create these polymer-nanocomposites with
unique optical properties.
In summary, we have developed novel synthesis and assembly procedures to obtain ordered
structures of nanoparticles using self-assembling macromolecules. Challenges in the controlled
assembly of nanoparticles into desired structures have been identified in this chapter, and a few
proposals based on the results presented in this work have been put forth. In combination, these
results pave the way for large scale fabrication of functional hybrid materials synthesized by




Figure 7.8. (a) SAXS data for dried Pluronic F127 gels in 54mM NaOH with varying amounts of HAuCl4 showing the
lamellar structure. (b) TEM of the gold nanoparticles extracted from the gels.
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